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ABSTRACT

This report is the final report covering work under Contract
Nos. AF33(615)-3265 and F33615-70-C-1468 to perform a quantita,.ive
evaluation of test methods for brittle materials. Of primary
importance for the completion of this program was the production
of parts with a wide rai1ge of sizes and shapes which could be made
in quantity under production conditions with a minimum of material
variability. Work on this program was terminated before complete
reproducibility was demonstrated for al blank shapes.

The material used for this investigation was a high purity
alumina, XAD997A, produced by Coors Porcelain Company.

Of the 13 blank types investigated, 10 demonstrated the
desired uniformity and reproducibility, 1 was slightly deficient,
and 2 require additional work. Attempts at demonstrating lot to
lot reproducibility were generally unsuccessful.

As measured by macro specimens, the average flexural strength
was 48,290 psi, and the average tensile strength was 46,300 psi.
The densities of acceptable parts ranged from 3.7' to 3.83 and
grain size from 3.0 to 4.1p meters, A regression of strength
on grain size and porosity fit the data quite well for a wide range
of values of all three variables. Some indications were found
that tighter control may be required on gneen density and firing
parameters as well as the end properties of density and grain size
to assure parts acceptable for strength.

thtStudies of fracture source distribution indirectly indicate
that surface or near surface damage is not controlling flexural
strength. Indications were found that machine shop practices
have an effect on strength. but other factors, grain size and
porosity, seem to control. --firing which does not change grain
size does not affect strength. For the range of surface prepa-
ration techniques applied (all good surfaces), little effect on
strength was detected. Environmental conditioning of bpecimens
is required to assure that extremes of humidity do not affect
strength results.

It should be poszibLe to conduct an effective analysis of
test methods using the XAD997A alumina; however, some additional
work is required to perfect the material and processing parameters.
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AN EVALUATION OF MATERIAL FOR INVESTIGATION
OF TEST METHODS FOR BRITTLE MATERIALS

INTRODUCTION,

This is the final report for work done under Contract Nos.
AF33(615)t,3265 and F33615-70-C-1468 to perform a quantative eval-uation of test methods for brittle materials and an exploration

of the relationship-between tensile and compressive properties
S nd flexural response. Phase I involvee a production control
study to demonstrate that a ceramic material as produced for
various specimen configurations was uniform and reproducible in
strength, miczostructure, and density. To this end Southern-
Research subcontracted with Coors Porcelain Company to perform

k. a production control feasibility study. The primary production
parameters included in this study were powder characteristics,
forming techniques, green density, and sintering procedures.

Specimen blanks for 13 different specimen configurations
were manufactured by Coors during the control and reproducibility
studies. These blanks were then evaluated to determine the
uniformity and reproducibility of the material with respect to
strength and structure.

Phase II a3 originally defined involved the purchase of a
sufficient number of specimens to conduct the cc..parison of test
methods, and the actual comperison of the methods,.

Status of Project at Termination

The work was completed on evaluating specimen blanks ob-
tained from the production control and reproducibility studies
and on establishing the general ranges and correlations for
strength, grain size, and density with some degree of confidence.
Complete reproducibility was not demonstrated for all of the shapes.

BACKGROUND

Many, if not most, brittle materials exhibit a somewhat
different response to tensile, flexural, and compressive loads
as well as when loaded as a disc (Brazil test), a thick ring or
a thin ring. For example, the tensile and compressive fracture
strengths often ditfer by a factor of 2 and can differ by a
factor of 10 or more. Modulus of rupture values of 1 to 3 times
the measured tensile strengths are frequently reported in the



literature. It is possible to conceive physical models to
explain the difference in response of a material to tensile and
compressive loads; however, it is more difficult to conceive a
model that will explain any gross departure of MOR values from
ultimate tensile strength. Generally, brittle materials are
characterized as being governed ty a weakest link fracture
mechanism such that cracks initiate and/or propagate to fracture
as 'soon as the stress in any localized region of the stressed
material reaches the ultimate value. Evidence thus far obtained
indicates that brittle materials are weakest in tension; conse-
quently, one would expect flexural specimens to fracture when the
extreme outer fibers reached the ultimate in tension.

For quite some time Soutntrn Research Institute has been
interested in determining the causes for the discrepancies in
reported strengths. We have felt that at least a portion of the
discrepancy is due to experimental error caused L-y the inability
of the standard tensile facility to apply truly uniaxial tensile
loading. The presence of bending moments during a test will
result in a lower "apparent" tensiie strength. Interestingly
enough, most cases where gross discrepancies in MOR and tensile
values are reported, the tensile values are the lower of the two.
Also data obtained in Southern's gas-bearing tensile facility
indicate that good agreement between tensile and flexural
strengths can be obtained on most materials.

Thus while it appears that nonuniform loading of tensile
specimens is a major factor in the reported discrepanc'es, present
indications are that ottar parameters are also exerting influences.
For example, tensile values for some materials differ s.gnificantly
from MOR valueF even when truly uniaxial loads are applied. In
addition, even where good agreement between tensile and MOR values
have been obtained, there appears to be a tendency for the MOR to
show slight increase in strength with temperature after the tensile
strength begins decreasing. Part of this effect at elevated
temperature may be caused by plastic deformation and subsequent
stress relief at the outer fibers of flexural specimens; however,
plastic deformation is hardly the mechanism causing discrepancies
observed at room temperature.

One explanation is that errors result from calculating MOR
values from classical beam equations. One assumption in the
derivation of tnese equations is that the tensile and compressive
moduli are equal, until fracture; hence, the neutral axis coincides
with the centroidal axis. According to an analysis developed by
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Simon' if a :material has a higher compressive modulus than
tensile modulus the neutral axis will Shift to the compressiVe
side of the beam and reduce the peak tensile stress. For a
material that fails in tension, the calculated MOR values would
give "apparent" tensile ultimates higher than can,be observed
in a uniaxial tensile test.

Other conditions which could cause the difference between
tensile and flexura-I strength s include surface conditio and
the volume under stress. Unfortunately, the nature of the effects
of these conditions would be different for tensile and flexural
evaluations. Surface finish would be very active ih setting the
strength of a flexural specimen since the peak stress occurs only
at the surface, whereas in a tensile specimen the entire volume
of the gage section is subjected to the same stress as the surface.

The strength of brittle materials depends on the volume
under stress. This has been demonstrated effectively with tensile
specimens; however, the effect is not easily defined when using
flexural specimens chiefly because of the stress gradient.

We have mentioned some of the difficulties encountered in
relating tensile and flexural results. Similar difficulties
occur when one considers test methods besides these two, p~rticu-
larly the indirect tensile tests such as the Brazil Test and
others.

Having mentioned some of the difficulties in testing brittle
K mat .:ials, consider the plight of the designer. He needs informa-

tio. that will permit him to proceed from specimen data to the
proper design of a structure. This information includes the
effects of (1) surface finish, (2) stress concentrations, (3)
volume, (4) skin discontinuities, (5) Weibull coefficients, (6)
biaxial sBtress, and other physical behavior such as those already
mentioned. Before the designer can make this step, the various
mechanisms and behaviors must be understood with reference to the
test methods.

The solution to the problem is the ordered study of thesenatural phenomena. However, befor.; this type of study can proceed,

a uniform and reproducible material which can be manufactured in
large quantities must be found. Otherwise, the effects being

1. Superscripts refer to references listed at the end of the text.
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S!investigated may be masked by anomalous material behavior.
For instance in a recent program 2 in which 'rlume effects were
studied, somhe of the material was found to have anomolously
large grains and areas of incomplete sintering which yielded low
strength specimens. If all small volume specimens had been manu-
factured from this material and all large Volume specimens hadbeen made from-better material, in all likehobd the volume effect

would have been missed. Fortunately, the specimens were locatedI randomly in the several tiles so that the volume effect was not
masked. This is merely one example of why 4 uniform material is
needed.

The original scope cf this program included obtaining a
uniform and reproducible maerial and then Conducting a quantita-
tive comparison of several test methods. The study wap primarily
phenomenological and analytical in scope, concentrating bn the
effects of size, surface finish variations, stre-tain ='_=s

under different types of loadings, and applying the proper analysis
to the specimen. These would, in turn, be treated in terms of
statistical fracture criteria. The program was terminated before
reproducibility was demonstrated for all shapes.

The original criteria for the aterial was established as
"the material is acceptable if it iE .tatisticaily describable in
terms of certain properties between ae different'blanks even
though there may be some differences in structure"'. Thus, repro-
ducibility (piece to piece) in key properties was the vital point.
Uniformity (within a piece) was necessary to good reproducibility
since it is doubtful a material can be reproducibly nonuniform.
Then, with an adequate material, one would be able to control the
range of certain variables and compare different tests by (I)
volume normalizing, (2) control of-test conditions, and (3) proper3 analysis.
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MATERIALS AND SPECIMEN PREPARATION

Material

The material for this program was a high purity alumina
manufacturedby Coors porcelain Company of G6lden, Colorado.
The material and its production were developmental as opposed
to the staterof-the-Art, but ail parts were manufactured on a
prod'ction basis rather than using research facilities. The
emphasis was on the optimization of the material from the stand-
point of uniformity and reproducibility with respect to strength.
Coors designation for the materiall originally shipped was XAD997A.
Later efforts at demonstrating reproducibility involved materials
designatea XAD997B and XAD997C. All materials used identical
powders but differed from-one another in the binders or mixtures
used to produce the green shapes.

The material was manufactured in 13 different blank shapes-,
each representing a particular specimen configuration. The
number of blanks of e ach type was based oh the number of macro
specimens deemed necessary for the study of uniformity and repro-
ducibility. Blanks received are listed in Tables I and XXII. The
number of macro specimens (tensile and flexural) removed fromeach blank is also listed in columns seven and eight of tl-e

tdble. Note that all parts were not used and this must be kept
in mind in reviewing the results; however, representative samples
were taken in all cases. There were several Type 4All blanks
shipped which are not listed in the table. These blanks were sent
by Coors for experimental machining purposes and were not con-
sidered to representative of the production material for the study.

Review of Coors' Reports

The success to be obtained in the subject program was very
much related to the quality of the brittle body used. The Coors
Porcelain Company was selected to produce an alumina body which
would meet tba major requirements of uniformity and reproducibility.
Although the specific data which define this character were of
inte:est, f-ie main concern was centered on the degree with which
properties of interest could be repeatedly produced.

The goal was to have available for study a body demon-
strating minimal variation in character within a given object
(uniformity) and a minimal variation in character among objects
of both similar and dissimilar geometry (reproducibility). Since



some of the required parts were large and the nature-of the
program would necessitate production over an extended time period,
it was desired to have the material produced using a well-docu-
mented production procedure. To do this mechanics study with a
material which might be defined later as a "laboratory curiosity"

was to be strictly avoidedi

'The specific character of the body was only loosely
specified with regard to density and grain size. Although the
body selected to be used in the program was not a standard pro-
duction item, it was one which Coors believed could be made in
quantity over a period of time with suitable uniformity and
reproducibility. No preconceived limits of homogeneity existed.
As i,3 obvious from this report, it was hoped to be able to
readily discern deviations from uniformity or reproducibility by
review of physical measurements, microstructure, fractography,
and mechanical data acquired from specimens taken from larger
shapes.

To secure the desired uniformity and reproducibility, Coors
spent considerable effort in establishing and documenting the
processing parameters. Likewise, the parts produced for Phase I
of this program were closely observed during processing and their
features were documented. The Coors' reports related this infor-
mation in an informal manner on a monthly basis. No attempt will
be made to discuss these data, This review merely describes the
areas of processing which were investigated and controlled during
production. Those persons interested in the specific details of
the processing are referred to the sponsor of this work for a
copy of the original information.

The following outline will descj.iDe the various steps
taken by the manufacturer to establish the process.

Body Preparation - Since the body used was one which had
been previously designed by Coors, this portion of the work was
largely concerned with the documentation of initial particle size,
specific surface, body chemistry, and spray-dry pellet size
distribution.

Preliminary Kiln. Studa - This study was made to select a
production kiln in which to fire the parts for this program.
Longitudinal, transverse, and vertical thermal profiles were
established using traveling thermocouples and pyrometric cones.
The kiln performance was evaluated based on these measurements
and a study of kiln losses (camber and cracking) versus position
in the kiln.
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Pressing Stud - The parts used in this program were iso-
statically'pkesse (some parts had restraint on one axis) and
optimum conditions regarding fill control, rate of pressure rise,
ultimate pressure, dw-el time, and rate of pressure fall were
investigated. Conditions yielding maximum green density with
minimal variation were established.

Firin Study - The objective of the firing study was to
determine the correct firing parameters to obtain a density of
96.5 percent ±1.5 percent of the theoretical at a maximum grain
size of less than 25 microns for all six gedmetries produced.
The factors considered in this study included: kiln temperature,
car schedule, car load, preheat, soak and cooling profil6, Cone
deformation, etc. Optimization of these factors was escablished
by repeated firings utilizing density and grain size measurements
for jidgment.

After establishing the production procedures, the parts
for Phase I of the program were produced. Green defisity and
fired-density were recorded for each part. Cone deform&tion and
grain size determinations were recorded for representative part
geometries and kiln ,positions.

Nomenclature

Due to large number of specimens and types of specimens
involved in this work, it will be convenient to clearly define
the nomenclature early in the report.

The material initially was pressed isostatically into basic
shapes using different tool sets. There were six basic shapes
jor tool sets) for this program. These basic shapes were then
green machined into parts which were fired. These parts (or near-
shapes) were machined oversize as tensile, compressive, flexural,
diametral compression, brittle ring, and pressurized ring speci-
mens and remained about 0.020 to 0.050 inch oversize after firing.
They are referred to as specimen blanks. When these specimen
blanks are machined to final dimensions, they then.will be called
specimens.

In order to evaluate the material to determine whether or
not it was uniform with respect to strength, it was necessary to
examine the material taken from the gage sections of the specimen
blanks. To do this it was mandatory to adopt a test method, or
methods, that was common to all specimen blanks. For our purposes
the tensile and flexural evaluations were used. Thus, small
tensile and flexural specimens were removed from the potential
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gage sections of the specimen blanks. These small specimens
have been called macro specimens.

To summarize thus far, we have mentioned the following
categories of parts:

1. basic shapes
2. specimen blanks
3. specimens
4. macro specimens

In the work included in this report, we were concerned primarily
with macro specimens.

For each specimen type (large tensile, small flexure, etc.),
several specimen blanks were manufactured. Each piece was assigned
a specimen number by Coors. This number is referred to as the
Coors specimen number. As Coors completed various stages of pro-
duction control study and as the parts were manufactured, firing
data were kept for each part. These data for the production con-
't,! study are presented in a Firing Analysis Data Table (Table 1).

Firing Analysis Data for all later supplied blanks are shown in
Table 22. In these tables the specimens were also assigned an
Item Number. The item numbers are in ascending order and give
easy acc!;x to the firing data.

From the above discussion we see that with each macro speci-
men we can associate the following information.

1. Tensile or Flexural strpngth
2. The particular specimen blank from which the

macro specimen was removed
3. The type of specimen blank from which the macro

specimen was reifoved
4. The basic shape (tool set) from which the specimen

blank was derived.

In order to convey all of this information and to provide easy
access to the firing data, a numbering system as follows was used.
Consider the macro specimen number

I A02 - 023 - 01 T i

1 designates the basic shape number. This number ranges

from 1 to 6.
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A02 signifies the type of specimen blank. A02 is a
small tensile specimen blank.

023 is the Coors item number. This identifies a
particular blank and lets cne look up the firing
data in Table I.

01 is the macro specimen number. In most cases more
than one macro specimen was removed from each
specimeii blank.

T tension. Identifies the macro specimen as to
whether it was a tensile or flexural specimen.
No letter signifies. flexure.

There were 13 different types of specimen blanks manufac-

tured by Coors for evaluation. 'These are listed below with
their identifying number.

A02 Small Tensile Specimen
A04 Intermediate Tensile Specimen
A05 Large Tensile Specimen
A06 Small Compressive Specimen
A07 Intermediate Compressive Specimen
A08 Large Compressive Specimen
A09 Small Flexural Specimen
A10 Intermediate Flexural Specimen
All Large Flexural Specimen
A12 intermediate Diametral Compressive Specimen
Al3 Large Diametral Compressive Specimen
A14 Pressurized Ring Specimen
A17 Brittle Ring Specimen

Specimen Preparation

The mechanical evaluations for Phase I of the program were
preceded by an inspection of the alumina parts received from
Coors Porcelain Company. The parts were inspected for cracks
and other anomolies which would affect the testing program.

The testing for the production control study included 20
flexural tests and 8 tensile tests on material from each type of
specimen blank as received from Coors to determine material
uniformity and reproducibility. All later studies used various
numbers of flexural specimens to measure material properties.
Because of the limited amount of material available in the gage
sections, it was necessary to develop the testing around minia-
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ture test configurations (macro specimens). These were taken
to be of such size that the required number could be removed
from the gage sections of the specimen blanks where practical.
The flexural macro specimen selected had dimensions of 0.100
inch x 0.200 inch x 2.0 inches as shown in Figure 1. The
tensile macro specimen selected was 0.125 inch in diameter x 2.0
inches long with a gage section of 0.094 inch diameter x 0.188
inch long as shown in Figure 2. These were removed from the
blanks according to the cutting plans shown in Figures 3 through
27. The distribution of the macro specimens is shown in columns
7 and 8 of the Firing Analysis Data (Table 1). The distribution
was established by distributing the required number of test
specimens from each blank configuration in such a manner that
the test specimens would be from along both sides and across a
section of the kiln car. This distribution is shown in Figure 34.
N6re that an even distribution according to kiln car location
was not attained.

Because of the small size of the macro tensile specimens,
adequate gripping area for tensile testing was not available.
This was overcome by gluing steel shanks to both ends of the
specimens. The steel shanks are shown in Figure 28. Three
grooves three mils wide were ground on each end of the cylindrical
macro tensile blanks for the purpose of providing a better grip-

r: ping area for the glue. The blanks were then glued into the
shanks with an epoxy glue consisting of a 10:1 mixture by weight
of Shell Epon Resin 815 and Triethylene Tetramine hardner. The
resin-hardener combination was mixed 4:1 by volume with a 1:1
mixture of alumina powder and Cabosil for reinforcement. The

shank-blank combinations were placed in vee-blocks and cured in
an oven at about 170OF for two hours. The composite macro speci-
men blanks were then ground to final size and shape. Grinding
the gripping surfaces and gage sections about the same center
line insured good alignment which is critical in the tensile test-
ing of brittle materials. A completed macro tensile specimen is
shown in Figure 29.

Note that no macro tensile specimens could be removed
from specimen blanks lA06 because the reduced length did not
provide adequate surface area for gluing the steel shanks due to
the limited shear strength of the epoxy cement. This length
limitation of SRI part lA06 also required that the macro
flexural specimens be shorter than the usual two inches. This
necessitated relocation of the load points in the flexural
apparatus for these specimens.
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Machining - The cutting and grinding operations were
performed with diamondwheels of No. 100 grit. These proved to
be efficient, and they produced a surface finish of from 14 to
18 RMS. The cooling fluid used was a water soluble cutting oil.
Preliminary experiments showed that Stuart 4567 water soluble
oil mixed about 25 to 1 was a good compromise between wheel
wear and labor costs.

The final grinding operation on the macro tensile specimens
required the use of steady-rests to insure against accidental
breakage of the delicate gage sections. Even with the precau-
tions taken, several were broken in machining and handling and
are noted in the data tables. Gage sections were checked with a L
20 to 1 optical comparitor for accuracy of shape.

As standard procedure the sharp corners on the tensile side
of all flexural specimens were removed for the purpose of eliminat-
ing nicks and small cracks which might initiate a premature
failure. This procedure was used on the macro flexural specimens
by grinding off a few mils at 450 to the faces.

APPARATUS AND PROCEDURES

Use of the macro specimens for the material evaluations
required that special techniques be employed for loading the
specimens to provide the correct failure mode with minimum para-
sitic stress.

Flexure

For the flexural evaluations of the macro specimens, a
precision miniature flexural apparatus was developed which employed
rollers for load points and was constructed so that parasitic
stresses were minimized. Figure 33 is a schematic of the apparatus.

There are certain practical limitations to the flexural
tests. Chiefly, these are wedging, frictional forces at the load
points, superimposed torsion, and inaccurate placement of the
load points. The miniature flezural apparatus used for these
evaluations was designed to overcome these limitations insofar as
was possible.

Note in Figure 33 that two rods provide alignment andsupport for the loading pins. The shallow vee grooves in these
rods give the proper spacing and assure that the loading pins
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are normal to the length of the specimen. In operation the two
rods and the specimen are guided by alignment fixtures until a
small preload is applied. The alignment fixtures are then backed
away leaving the load train free standing and unaffected by
external forces. Load is monitored oy an internal load cell in
the testing machine and displayi d as a load-time trace on an X-Y
recorder and on the testing macLine dial. Specimen dimensions
are measured for each specimen near the fracture and these dimen-
sions were used in stress calculations.

Tension

The tensile specimens were loaded in tensile frames equipped
with gas bearings in the load train to permit procedures that
eliminate bending stresses. A typical tensile facility, is shown
in the photograph in Figure 30 and in the schematic in Figure 31.
The primary components are the gas bearings, the load frame, the
mechanical drive system and associated instrumentation for
measurement of load. The load capacity is 15,000 pounds. This
system is described in the literature.

The configuration of the tensile specimen has been shown
in Figure 28. This specimen provides a relatively large L/D ratio
in the gripping area to ensure good alignment. All surfaces in
the gripping area are cylindrical in order to make precision
machining easier and repeatable from specimen to specimen.

A schematic of the precision tensile grip is shown in
Figure 32. The design is much like the jaws of a lathe head or
the chuck of a drill motor made with precision. Observe from the
figure the long surface contact of the mating parts and the close
fits to establish precise alignment with the specimen. As the
load is applied, the wedges maintain alignment to fracture. With
this system, the parasitic stresses are less than one percent.

NDT Measurements

Ultrasonic Velocity measurements were made on most of the
macro specimens. This was accomplished by introducing a burst
of high frequency energy from the pulse unit of Sperry UM 721
Reflectoscope into one end of the specimen and timing the wave
propogation to the opposite end by means of a Tektronix oscillo-
scope which has a time-base precision of one percent. The
sending and pickup units were ten megacycle transducers.
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Bulk Density measurements were made on all of the macro
specimens. Dimensions were measured with micrometers, and weights
were measured with an analytic&l balance which has a sensitivity
of 0.0001 gram. Density measurements for the flexural specimens
were made on the final specimens. Density measurements for the
tensile macro specimens were made on square blanks prior to grind-
ing them to cylindrical form. These densities are referred to
as those of the Mechanics Section. There are also those of the
Inorganic Materials Sectibn and those from Coors. There were
systematic differences in the measurements from the different
sources.

There were some problems associated with the mechanical
density measurements which need to be clarified. It will be
noted in the tables later that there were some differences
between the densities determined on the macro tensile and flexural
specimens. These differences do not appear to be systematic, but
are believed to be associated with the accuracy of the measure-
ment. For instance on the small flexural specimen, if the
measurement is in error by 0.0005 inch on the nominal dimension
of 0.100, then the density value can be off by as much as
0.02 gm/cm 3. This is most apparent for the A13 macro flexural
specimens where the density of the macro flexural specimens from
one cutting averaged 3.78 gm/cm 3 and from the second cutting
averaged 3.91 gm/cm3. More accurate measurements on macro speci-
mens were made in later evaluations with much less scatter in the
data.

Bulk density values were determined for some of the flexural
specimens from small pieces adjacent to the fracture using a
liquid displacement technique. Pieces approximately 0.1 inch x
0.2 inch x 0.2 inch including the fracture face were used.
Specimens were placed in a desiccator and covered with distilled
water. The desiccator was then connected to a vacuum pump and
evacuated. Bubbling subsided after 10 to 20 minutes and the
pieces were allowed to remain in the water 24 hours. No absorp-
tion could be detected. Dry and saturated weights in duplicate
never varied more than 0.2 mg. Suspended weights varied from
0.4 to 1.3 mg between successive measurements on the same piece.
Since the specimens were very small, about 0.25 gm, this variation
in suspended weight data caused differences of as much as 0.05
gm/cc in bulk density. Thus the results reported are averages
of two determinations which individually may have differed by as
much as 0.05 gm/cc. Insufficient data are available to present
a statistical description of the information. These data are
self-criticized on two counts: the specimen weight was too small
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for the variations accompanying suspended weight measurements
and the technique excludes the surface porosity from the volume
of the specimen.

Bulk density values were determined for one group of
macro flexure specimens using a slightly different liquid dis-
placement technique. Since whole macro specimens were used,
-2.5 gm, these determinations did not suffer to the same extent
as the small pieces. Macro specimens to be tested were dried
in a vacuum at 50 microns Hg overnight. After removal from the
desiccator, they were immediately weighed for dry weight. Then
each dried specimen was placed in a small beaker. The end of the
beaker was closed off with gauze. The small beakers were then
placed on their side in the bottom of the desiccator with their
open ends aligned toward the centez. The desiccator was closed
off and evacuated to about 50 microns of Hg. After holding
this vacuum for about two hours, the desiccator was purged with
distilled water. After about 15 minutes, water was introduced
more rapidly until the beakers were covered. Then the desiccator
was vented, and the samples allowed to soak for 20 minutes to
allow any vapor inside the samples to condense. Upon completion
of impregnation the samples were weighed (immersed in water and
in air). When specimens were removed from the water, they were
carefully wiped to remove any excess liquid from the surface and

K: j weighed immediately.

From the measurements taken (dry weight and suspended
weight), the percent water absorption, open porosity, closed
porosity, bulk density and apparent density were determined.
These values were calculated as follows:

IWs_-W

Wa = WdW) x 100 percent

(sd

PO W-Ws) x 100 percent

0XPb- -Wsu U)

Pa= x P w
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where

Wa = water absorption

Wsa = weight of sample when saturated with water

Wd = dry weight of sample

W = weight of sample when suspended in water

Pw = density of liquid water

= bulk density of sample

Pa = apparent density of sample

P0  = open porosity

The liquid displacement density determinations on whole
specimens showed a consistent 0.030 gm/cm 3 higher bulk density
than did the determinations by dry weight and micrometer measuret-
ments. The fact that micrometer measurements were across
predominant peaks on the rough (not smooth) surfaces and not
across the mean surface could account for the majority of this
difference.

A number of other NDT testing techniques were also
employed. Cracks and porous regions found visually were enhanced
by dye penetrants. Most of the fracture faces of the flexural
specimens were scanned with ultraviolet light. Minute fluores-
cent spots were observed occasionally, but no correlations were
noted. The cause of the fluorescence is not known.

Ultrasonic Pulse-Echo examinations were also made on the
macro specimens. The porous area mentioned above was initially
found by pulse echo indication; however, most of the specimens

gave indications of being "clear".

Ceramographic Preparation

Specimens for study of porosity features and grain size
determinations from the production control study were prepared
in the following manner. Specimens from the flexural tests
were prepared using those pieces used in the density determina-
tion of small pieces adjacent to the fracture. The specimen was
diamond sawed to expose a longitudinal section at the centerline
with the cut perpendicular to the compression and tension sur-
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faces of the mechanical test piece. The specimens were mounted
in blue bakelite with the diamond sawed surface ekposed. Polish-
ing was done using successively 30-, 15-, 6-, 3-, and 1-micron
diamond on nylon cloth at slow-to-moderate wheel speeds.

The tensile specimens were hai-dled in much the same way,
except the section represents a plane perpendicular to the longi-
tudinal direction of the mechanical test piece immediately below
the fracture surface. Since the relatively rough fracture face
was removed, the polishing procedure included the use of silicon
carbide papers from 243 to 600 grit before final polishing with
diamond as above.

When some structural detail was desired without the
influence of etchants, a relief pulish was used. This was done
using 0.1-micron alumina on a high nap cloth at 'Agh wheel speeds.
This technique revealed portions of the structure useful in the
microprobe analysis.

To reveal the alumina grain boundaries, the specimens were
etched in 85 percent H3P04 at 240-250C for 5 minutes. This
procedure at 140-1500C was suitable for revealing a phase other
than alumina without having much effect on the alumina boundaries,

Microstructural Features

The size of the various microconstituents was measured by
a linear intercept method as discussed by Underwood et al.3

Area determinations to obtain volume fractions were made by
visually counting grid openings overlying photomicrographs.

For flexural specimens, three photomicrogzaphs were taken
at the following positions: along the mid-point between the com-
pression and tension surfaces 1.3 mm (Position 1), 2.5 mm
(Position 2), and 3.8 mm (Position 3) from the fracture face.
These positions were located within about 0.1 mm using a mechan-
ical stage. To avoid bias, the location was not altered after
microscopic focusing. With respect to grain size and the features
of the second phase, no difference could be detected among the
three photomicrographs. Therefore, the Position 2 photomicrograph
was arbitarily selected. These photomicrcgraphs were made at
800X after etching at 140 0C (second phase) and then after etching
at 2401C (alumina boundaries). The total intercept length for
grain size was 4/1 p and for second phase it was 902 p. With
respect to the area of second phase, this was done as stated
above using the same photomicrograph as was used for the intercept
count. The total area surveyed was 16 x 1 square microns.
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Photomicrographs for ,he determination. of porosity features
were taken at 500X in the as-polished condition.' Since in some

cases the photomicrographs differed visually among the three posi
tions, that position Which represented an average of the three
was used. If all three were similar, Position 2 was used. Total
intercept length used was ,902 )j. Total area examined tO deter-
mine porosity area fraction was about 40 X 103 square microns.

Grain size measurements for tensile specimens were made
using single 80.OX photomicrographs taken nat the center of the
polished section.

CeramographicPreparation Study

In addition to the previously described procedure, a con-
tinued ceramographic preparation procedure study was pursued.
It was desired to establish a procedure for polished sections in
which confidence could be placed in the structure being relatively
free of artifacts. Also, the study was to yield information on a
lapping technique for mechanical specimens that would remove, as
a goal, 5 mils of presumably damaged material and leave a surface
damaged no more than a few grains deep.

Prior to this study Coors' personnel suggested two tech-
niques be tried. In an effort to eliminate subsurface cracks
which could possibly be present as a result of the normal grinC-
ing procedure used for mechanical specimens, a "deep lap" tech-
nique was recommended. The suggested technique consisted of the
following steps:

1. Cut specimen with 180-to 240-grit diamond wheel
2. Remove 5 mils by surface grinding with a 240-grit

diamond wheel
3. Remove 2 mils using a 400-grit diamond lap
4. Remove 1 mil using a 600-grit diamond lap
5. Remove 1 mil by lapping with 15-micron diamond

paste

6. Remove 1 mil total by lapping with 6-, 3-, and 1-
micron diamond paste

It was believed that this lapping procedure, in which several
mils of stock were to be removed, would eliminate damage incurred
during grinding. t
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Coors also suggested a more conventional procedure for
preparing alumina polished sections. The following steps were
included:

1. Cut specimen qith a diamond wheel
2. Face off with a 400-grit diamond lap
3.. Lap using the following steps employing diamond

paste on a pelon covered bronze lap

Diamond Size Wheel Speed Relative Pressure Time

6 micron 400 rpm Heavy 1 minute
6 micron 1200 rpm Medium 2 minutes
3 micron 400 rpm Heavy 1 minute
3 micron 1200 rpm Medium 2 minutes
1 micron 1200 rpm Light-Medium 1-2 minutes

In attempting the "deep lap" procedure, certain modifications
were dictated by the equipment and supplies available. The speci-
men was cut using a 100-grit diamond wheel. Surface grinding was
done with a resinoid bonded - 180 grit - 100-concentration diamond
wheel. Grinding conditions were: -mil depth of cut, 500 inches/
minute feed, 6500 SFM and water soluble oil coolant. Diamond
pastes of 45-and 30-micron size were substituted for 400-and 600-
grit diamond laps, respectively, Nylon cloth was substituted for
pellon. For lapping with the smaller sizes of diamond paste, the

'wheel speeds and relative pressures suggested for the more con-
ventional procedure were used.

It was learned that one could not comply with the suggested
amounts of material removal when diamond sizes of 15 microns and
smaller were used. Using heavy pressure and a wheel speed of 400
rpm, four minutes were required to remove 2 mils with 45-micron
diamond, and 13 minutes were required to remove 1 mil with 30-
micron diamond. Using 15-micron diamond, the removal of material
was negligible for micrometer measurements across a mounted speci-
men even after 30 minutes to an hour of polishing.

The results for the "deep lap" procedure are shown in
Figure 35, a through g. This series of photomicrographs shows
the microstructure at 50OX after each step of the preparation.
The final structure is quite similar to those developed by the
earlier method. Maximum "Pore size", whether an inherent micro-
constituent or an artifact created during polishing, was 1 to 2
mils as shown in Figure 36, a and b. From earlier work, this
maximum "Pore size" would be considered normal for this specimen,
3A10-088-Cl2B. That the microstructure resulting from the "deep

18



lap!' procedure is similar to that from earlier work is not
unexpected'. The major differences between the "deep lap" and'
the procedure heretofore used were: (i) the original proceduire
involved no surface grinding and (2) the lapping time using 30
micron diamond paste was less .han 13 minutes.

The " deep lap" procedure with the modifications declared
above was used to produce the lapped 0.1 inch x 0.2 inch x 1.65
inch flexural specimens used in the refiring studies. Attempt-
ing to lap the rather large tensile face area of a flexural
specimen by hand on laboratory equipment was a difficult task.
It was apparent that these lapped surfaces were not of polished
section quality over their entire area.

The conventional polishing technique suggested by Coors was
attempted with poor results. This was probably due to this
laboratory's unfortunate choice of 45-micron paste as a substitute
for a 400-grit diamond lap. Obviously, it would not be expected
that the after-6-micron structure could be obtained from the
after-45-micron structure with no intermediate steps (see Figures
35, b and 3).

The conventional technique was repeated witi 30 and 15 micron
steps inserted. The resultant structure was ieentical to that
produced using the "deep lap" procedure, see Figure 37 and -ompare
with Figure 35g. The conventional technique also produced areas
siiailar to Figure 36, a and b.

Tae results using the conventional poliahing technique would
indicate that to attain representative microstructure, one need
not remove material by surface grinding or by excessive lapping.
In this laboratory, it was found that the rough polishing tech-
nique using 30--micron diamond was critical. Using 45-micron
diamond, the removal of surface material was readily accomplished
and a rather featureless appearance was obtained. During the 30-
micron polishing step, the microstructure started to develop. If
the basic features of the microstructure are not developed at
this point, the remaining rough and fine polishing steps are
incapable of producing a suitable end prodluct. The optimum polish-
ing time using 30-micron diamond has not been established.

The procedure selected with which the specimens were polished
for the later grain size determinations was a compromise between
the "deep lap" and more conventional techniques. Regions to be
examined were exposed by cutting with a 100-grit diamond wheel.
The polishing procedure is tabulated below.
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Diamond Paste Wheel Speed Hand Polishing Time
Size in' -Microns in RPM Pressure - in Minutes

-45 400 Heavy 4
30 400 Heavy 12
15 400 Heavy 2
15 1200 Moderate- 2

6 400 Heavy 2
6 1200 Moderate 2
3 4'00 Heavy 1
3 1200 Moderate 2
1 1200 Moderate 2

In the course of establishing this procedure, a specific
area was photographed after each polishing step. These are shown
in Figure 38, a through e. By detailed comparison of each pair
of contiguous polishing steps-, it can be seen that certain pores
are reduced in size, while others are enlarged or new ones appear.
Even though an extremely small amount of surface material is
removed during polishing with diamond pastes of 15 micron size
and less, the enlarged or new areas may be either inherent struc-
ture or destruction of the surface by the polishing action.

Later Grain Size Determinations

Specimens for the later grain size analyses were ceramograph-
ically prepared according to the final procedure outlin above.
In each case the polished section was a 0.1 inch x 0.2 inch
transverse section of a previously tested flexural specimen. The
polished sections were etched in orthophosphcric acid at 240-2500C
for 5 to 10 minutes. This procedure .adequately revealed the
alumina grain boundaries but completely dissolved a second phase.
Second phase regions delineated by straight lines on one or more
sides were treated as existing grains when grain boundary-fiducial
line intercepts were counted. (It should be noted that an alter-
nate etchant, H2S04 at 2000C, was tried with the same end result.
When the alumina boundaries were distinct, the second phase had
been removed.) After vacuum depositing a thin layer of platinum-
carbon, two photomicrographs were taken of each specimen at 800X.
The two positions at which the photomicrographs were taken for
each specimen are indicated below. These arbitrary positions
were located using a mechanical stage.
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One photomicrograph was selected for measurement. This selection
was based on photographic quality and freedom of microstructural
artifacts.

The average grain intercept was measured by counting toe
number of interceptions between grain boundaries and a fiducial
straight line 10 centimeters long dropped randomly on the 800X
photomicrograph. For each calculation of average grain intercept,
10 such drops were made. The average grain size interpreted in
this matter is calculated from:

A.G.I. -
NxM

where:

L = length of fiducial line (10s microns)

M = magnification (800X)

N = average number of interceptions for ten drops

It is believed that the values obtained in this manner are
within three percent of the correct mean value for the specific
photomicrograph. The number of drops to be used for each measure-
ment (10) was determined in the following manner. One photo-
micrograph was used, and interceptions were counted for 100
individual drops of the 10 centimeter fiducial line. Using a
table of random numbers, the 100 elements of data were placed in
groups of 3, 5, 10, and 20. In each case 100 data elements were
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used, e.g., 20 groups of 5 elements each. Using this technique,
it was found that one could expect the following maximum devia-
tions from the true mean grain intercept value:

Number of Drops of the Maximum Deviation
10 Centimeter Fiducial from Mean

Line in Percent

1 ±30
3 ±15
5 ±io

10 ±3
20 ±2.7

From these data it was decided to use ten random drops of the
fiducial line for subsequent data acquisition.

RESULTS OF STUDIES ON UNIFOP4ITY AND
REPRODUCIBILITY FOR ALL SHAPES

Flexural Data on Various Shapes

The flexural data for the production control study are
presented in Table II. The SRI run number shown in column 1 indi-
cates the order in which the specimens were evaluated.

There were a total of 314 flexural evaluations excluding
those used for the brief surface finished study. Of these 314,
fourteen were from specimen blanks lA06 which were shorter and
were evaluated using a slightly different loading setup. Thus,
there were 300 flexural evaluations under the same conditions
with respect to the loading fixture and setup. Five of the 300
specimens failed outside of the gage section. Several of the
specimens fractured in two places, and it was not possible to
determine which fracture occurred first. In those cases where
two fractures occurred, the data were included for only those
specimens where both fractures were located equidistance from
the midpoint.
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The distribution of fractures along the gage section was
as follows:

Distance from No. of
Midspan-inch Fracture

0-0.025 25
0.025-0.125 74
0.125-0.225 74
0,.225-0.325 64
0.325-0.375 51

288

Fractured out of the gage section 5
Fractured in two places 7

30

The observed distribution agrees rather closely with the uniform
distribution and indicates there was, no prejudice or systematic
bias in the flexural loadings.

Although five of the specimens fractured out of the gage
section, this does not create any conflicts when one considers
the Weibull Volume Theory. Recall that the risk of rupture
includes the stress level and volume and does not depend only on
the maximum or minimum stress developed in a part.

Figure 39 is a frequency plot for the flexural strengths.
All data except those few specimens used for the surface finish
studies have been included in this plot. The average flexural
strength (MOR) was 48,290 psi with a standard deviation of 4610
psi and a coefficient of variation of 9.5 percent. The maximum
and minimum values reported were 58,950 psi and 29,810 psi. The
histogram is slightly skewed by several low values. Fifteen out
of 314 values or 5 percent fell outside of the 2a limits. Four-
teen of the fifteen were on the low side.

Also shown plotted on the figure is the probability density
function for the normal distribution. It appears to fit the data
rather well.

The Weibull parameters, calculated using a modification of
an iterative graphical technique were:

m =12.4 and ou  0 psi.
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Table III is a summary of the flexural results by specimen
blank type. Included in this table are the number of specimens,
average MOR, standard deviation, and coefficient of variation.
Blanks of the type 4All and 5A13 gave the lowest average strengths
and the IA02 and 1A06's exhibited the highest values. The average
strengths were plotted versus specimen blank numbers and winimum
fired thickness in Figure 40. A slight negative correlation
with fired thickness is apparent. Note that except for the ring
configuration, the strength decreased for each type configuration
as the size of the fired piece increased. The two weakest sets
of flexural specimens are seen to be from Blanks 9Ail and 5A13.

Tensile Data on Various Shapes

The tensile data for the production control study are
presented in Table IV.

Because of the configuration of the tensile specimen, it
was very difficult to locate the exact location of the fracture.
However, by using a 20:1 optical comparator, we were able to
determine whether or not the specimen failed within the uniform
diameter gage section. This is noted in Table IV by a "G" for
gage section or an "R" for radius. Where a break occurred in a
radius, the diameter of the fracture surface has also been noted.
Twenty-five out of 141 specimens or about 17 percent fractured
outside of the gage. The strength values noted in the tables
are based on the minimum cross-sectional dimensions. The stress
concentration associated with the breakdown radius is something
less than 1.1. The value of 17 percent for out of gage breaks
is slightly higher than has been observed in the past, but frac-
ture in the radius is not inconsistent with the Weibull theory,
since it also is part of the stressed volume.

Strength distribution for the tensile data is shown in
Figure 41. The mean values of fracture stress, standard devia-
tions of fracture itress and coefficients and scatter ranges are
plotted versus SRI blank numbers and minimum fired thickness in
Figure 42. Three blanks showed low average strengths, namely,
2A05, 4All, and 5A13. A closer examination of the data discloses
that one extremely weak specimen (22,800 psi) from 2A05 greatly
affects the average value. This particular specimen, 2A05-047-01T,
came from a blank whigh had been fired to a higher than normal
temperature. If the extreme value is discarded, the 2A05 average
becomes 44,060 psi and again, as was found in the case of flexure,
the 4A1! and 5A13 blanks were the low strength pieces.
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The average value of strength for the entire population
of tensile specimens was found to be 45,180 psi as opposed to
48,290 psi for the total population of flexural specimens. The
fact that the flexural test yields slightly higher values is
probably attributable, as discussed later, to the stress gradi-ent of the flexural specimen.

It is interesting to note that if the single extremely
weak tensile specimen is ignored, the standard deviation for
tension for the entire population was 4500 psi which compares
quite closely with the value of 4610 psi for the flexural speci-
men population. The coefficients of variation compare favorably
with the values of 0.098 and 0.095 for tension and flexure,
respectively.

Table VI is a summary table of the tensile and flexural
results. Average strength values are shown here for the various
types of blanks along with the densities, velocities, number of
specimens, and extreme values.

Weibull Statistics

The tensile and flexural data were subjected to analysis
by way of the Weibull distribution function. A computer program
assembled for computing the Weibull distribution was a slight
modification of the program written by L. A. Jacobson.9 The
essential steps executed in the program are the same in that it
is designed to converge on the most likely value of ou which will
produce the best straight line fit, by the method cf least
squares, of log log [(N + 1)/(N + 1 - n)I versus log (a - au)
where au is the strenigth below which the probability of iracture
is zero. Because a negative value of au would have no physical
interpretation, the program restricts the value of au to be not
less than zero. In the case where the theoretical value of a
is less than zero, this restriction will result in some error in
the fitting of the computed probability curve to the experimental
values depending on how much less the theoretical value is than
zero. Some indication of the magnitude of the error can be
obtained from the magnitude of the sum of the squares of the
deviations used in the method of least squares. For the tensile
and flexural data under consideration here, the values of au were
essentially zero.

The Weibull distribution is very sensitive to extreme
values. The tensile data were run with the computer program two

A
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times; once with the entire population and once with the extremely
low value deleted. The resulting curves are presented in Figure
43 along with the curve for the flexural data. The effect of the
single extreme value is quite apparent. Note that the curve for
the truncated tensile population has nearly the same character as
the flexural curve with nearly identical Weibull parameters. The
primary difference in the two curves is that the tensile curve is
displaced about 2000 psi to the left or toward lower strengths.

During the course of the work, the Air Force brought
Professor W. Weibull to Southern Research Institute for discuss-
ions of various aspects of his statistical distribution theory
as applied to this program. Professor Weibull's intuitive
remarks regarding the application of his theory to real materials
were interesting. He stated that the distribution for the Coors
alumina for the various SRI parts with respect to the computed
probability curve is what one might expect. He explained that a
similar distribution might be expected of a similar group of sub-
sets of numbers taken from a population of random numbers.

Another interesting point discussed by Professor Weibull
was that of truncation of extreme data points, such as the one
extremely low value encouhtered in the alumina tensile data.
Truncation is a legitimate operation if there is some physical
basis for it, such as flaws in the material. He mentioned that
there are various statistical methods for justifying truncation
in sonte cases. As an extreme example of truncation, it may be
proper to treat specimens in a bimodal distribution as two
separate groups, particularly if differences in failure mode or
criteria were suspected.

Test methods were also discussed, including pressurized
rings, Brazil, thick rings, flexural and tensile tests. The point
was made that the various indirect tests have the inherent dis-
advantages of nonuniform and, for many geometries in current use,
inadequately defined stress fields.

Certain other aspects of Professor Weibull's Theory of
Rupture were discussed, including the interaction of volume and
ao' the uniqueness of the parameters m and ou and stress gradi-
ents. a. is a normalizing factor which adjusts with volume
changes. Stress gradients such as those present in flexural
tests and other indirect techniques were discussed in light of
their effect upon the theory. It was brought out that according
to the theory the stress gradient has no effect except as it
affects the volume of material under consideration.
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The influence of other factors encountered in the mechani-
cal evaluation of real materials was discussed. These included
the influence of surface finish, crack blunting, the interaction
of voids, sample size, and others. The main conclusion seemed

to be that these influences might change the shape of the distri-
bution curve but that the results still could be defined
statistically if the sample were representative.

A major conclusion of the total conversation was that
judgments remain important in the statistical treatment of data.

~This seems to conflict with some views seen in past work and

reported in the literature in this area where the material aspects
were ignored and obvious differences in a parameter still grouped.

suyFigure 44 shows a comparison of the production control
study flexural and tensile macro specimen data with the alumina
data from Technical Reports Nos. AFML-TR-66-228 and AFML-TR-62-254.
The original data shown here were obtained on a high purity, hot
pressed alumina body. Note the macro tensile data fall fairly
well in line with the past tensile results. The flexural data
were pretty much off the curve. This behavior will be discussed
later as part of the Statistics of Fracture.

Parametric Correlations - Strength, Density (Green and Fired),
Cone Angle, Velocity, Fired Thickness, and Shapes

For the purpose of studying uniformity within specimen
blanks, it was decided to choose some of the larger parts and
remove specimens from a sufficient number of locations to allow
profiling of properties. One specific part chosen for the study
was Blank 3A10-088, the intermediate size flexural configuration.
The cutting plan and data have been shown previously (Figure 15
and Table II, respectively). Figure 45 shows the longitudinal,
transverse, and cross-sectional variations of strength for the
piece. These are displayed graphically in Figures 46 and 47.
In Figure 46, it is seen that uniformity was relatively good
except at Section C where the top two layers of specimens were
weaker. Figure 47 which shows the strengths at Sectiri B, illus-
trates the trend towards lower strength at interior positions
and higher strengths near the surfaces. Figure 48 depicts the
longitudinal, transverse, and cross-sectional variations in
density for Blank 3A10-088. These are displayed graphically in
Figures 49 and 50. The density values were somewhat scattered
longitudinally. Cross-sectionally, the variation was considerably
more uniform except at Section B.
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Figures 51 and 52 show density profiles for Blank 4A11-089
(large flexural blank). The values are fairly scattered and
there are no definite trends shown. Two longitudinal strips
show lower than average densities but their relative positions
are not indicative of any particular trends.

Reproducibility or piece to piece variation in strength
is another important factor which must be considered. Figures
53 and 54 show average flexural strengths versus item numbers
for 10 different lA02 tensile specimen blanks and 7 different
2A04 tensile specimen blanks. The maximum deviation from the
total mean strength was 11 percent for the lA02 blanks and 8
percent for the 2A04 blanks. For the 1A02 blanks (Figure 53) it
is seen that except for Items 7 and 16 there was only a 3000 psi
spread in the average flexural strengths.

Computer programs for nonparametric statistics were assem-
bled to perform Kendall rank correlation tests, Kruskal-Wallis
and Wilcoxon rank tests.

The more obvious rank tests and rank correlation tests
were run for the data generated for the production control speci-
mens. The results from these tests are shown in Tables VLI and VIII.

Observations based on the results were as follows:

From Table VII:

1. There were mixed indications concerning a relationship
between strength and green density. There were strong indications
of a positive correlation for data from all blanks and from Blank
Types 4All, 2A12, and 5A13. No correlation was indicated when
data from Blanks 4A11, 2A12, and 5A13 were excluded.

2. There were mixed indications of a positive correlation
between strength and fired density. Tensile data gave an indica-
tion only if data from Blanks 4All, 2A12, and 5A13 are included.
Flexural data gave indications both with and without data from
Blanks 4A11, 2A12, and 5A13.

3. There was a strong indication of a negative correlation
between strength and cone angle.

4. There was a strong indication of a negative correlation
between strength and minimum fired thickness.
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5. Sonic velocity did not appear to correlate with
strength

6. There was a weak indication of negative correlation
between green density and fired density.

4 7. There was a mixed indication of a positive correlation
between cone angle and fired density. Flexural data gave a very
strong indication and tensils data gave essentially no indication.

From Table VIII:

1. There was a strong indication that different tool sets
yield different green densities.

2. Reproducibility of tensile and flexural strengths
Kbetween blank types for a given tool set gave mixed indications.

Tool Set 6 gave an indication that tensile strengths differ. Tool
Set 2 gave a fairly strong indication that flexural strengths
differ. All other tool sets gave no significant indica-
tions.

3. There was a good indication that strength varies from
blank type to blank type.

4. There was a strong indication that fired density varies
from blank type to blank type.

5. Reproducibility of strength for different items within
a blank type gave mixed indications. There was a good indication
that flexural strength varied from item to item for 3A10, 5A13,
and 6A14 type blanks. Flexural data from the remaining blanks
did not give significant indications.

6. There was a weak indication that the strengths for the
center of 3A10-088 were different from the strengths for the ends.

FMicrostructural Characterization
A study was made to record the general microstructural char-

acteristics relating to the uniformity within a given blank and of
reproducibility between blanks made from the same tool set and
among all blanks.

The characterization was based on the following determina-
tions. Bulk density was determined on whole mechanical macro
specimens and on small pieces from locations near the area of
fracture. Microstructiral detail, including pore characteristics,
grain size and shape, and the identification of microconstituents,
was obtained by metallographic and microprobe analyses. Fracture
mode was examined by macro and microfractography. Surface condi-
t-ons were recorded using electron photomicrographs.
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Density and Porosity Features - The greatest manifestation
of deViation from uniformity'and/or reproducibility can be seen
from the data for density and porosity. Four sets of information
are available with which to judge the degree of variation. The
Mechanics Section of the Institute obtained-bulk density values
for all macro specimens. The weight and physical dimensions of
the entire macro specimen were used in this determination.. The
Inorganic Materials Section of the Institute determined bulk
density of small fractions of specific flexural specimens by
liquid displacement method and also obtained porosity data from
photomicrographs. Coors' reports furnished bulk density values
determined by liquid displacement. The Coors' data were obtained
from end pieces of blanks from which the mechanical specimens
were obtained. If no data were available for the specific blank
in question, then data for a blank fired in a nearby or equivalent
kiln position were used.

Considering the differences in measurement procedures, the
amount of material examined and the variety of techniques used,
one would not expect absolute agreement between all the values.
Indeed, when one examines these data, the values are found to
differ depending on the source of data. If one converts the
density data to porosity data for the 15 individual specimens of
Table IX, a comparison of the ranges of porosity becomes apparent
depending on the measuring technique:

Data Source Porosity Range

Coors' Data 3-5 percent
SRI Inorganic Materials Section 3-5 percent
SRI Mechanics Section 3-7.5 percent
From Photomicrographs 5-10.6 percent

Two important points should be noted: (a) the relative agreement
of data is good, that is, the specimens with lowest or highest
porosity occupied that position regardless of data source, and
(b) the principal concern in this program involved material
uniformity and reproducibility, not the specific level of any
given property or characteristic. It is believed that a signif-
icant difference in material and porosity existed which was
relateable to the average fracture stress.

The data of Table IX show that the density was lower and
porosity higher for the 4All, 2A12, and 5A13 specimens than for
the specimens of the other groups. The data for flexural speci-
men 4A11-089-i are quite obvious in this respect, regardless of
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the source of information used. The photomicrographs of Figures'
55 through 63 illustrate the nonunifokmity of pore volume among
the 15 specimens examined. Fi gures 55 through 61 show longitu-
dingl sections of the fl-xural specimens starting gt the fracture
face and continuing into the specimen for a depth of about '0.2
of an inch. The top of each picture represents the compressive
surface and -the bottom, is the'tensile surface4  Figures 62 -and
63 reveal the cross-sectionavi@w of the tensile specimels -near
the plane of fracture. It is believed that thesp low power

phot'microgr;qhs generate an impression of the relative magnitude
of porosity whi.ch is in agreement with the data displayed in
Table 9. From these photomicrographs, it can be seen that the
pore volume was greater for the 4All (Figure 61), 2A12 (Figures
59 and 62b), and'5A3 (Figures 58, 62a) specimens.

When the data of Table IX and the remaining density informa-
tion acquired by the Mechanics Section are considered together,
the lack of reproducibility with respect to density or Porosity
over the entire collection of blanks produced is seemingly related
to the size of the part fabricated. Items made from Tool Sets
4(All) and 5(A13) had the highest porosity. Items made from
Tool Sets l(A02 and A06)-, 3(A09 and A10), and 6(A14 and Ai7) had
the lowest porosity. Those items (A04, A05, A07, AO, A12) made
from Tool Set 2 are somewhat ill-defined with respect to porosity.
It is difficult to present data on this point since five different
sizes of parts were cut from a rather large master form. For
example referring to Table IX, the 2A12 blanks would indicate the
lower limit of density while the 2A05 blanks would indicate high
density. Although the specific tensile specimen listed for 2A05
was fired at a higher than normal temperature, the group average
density was greater than 2A12.

It is believed that the higher porosity of the 4All and
5A13 parts is associated with a greater frequency of pores of
all sizes and that the maximum pore size was greater. Figure 64
illustrates this point. These data were obtained from pore size
frequency counts, using the low magnification photomicrographs
of Figures 55, 58, 60, and 61. The smallest pore area that could
be conveniently measured was 1 square mil. Therefore, this
figure only compares the pore size-frequency distribution at the
large pore end of the spectrum. Figure '4 shows that the
increased frequency of occurrence of large size pores for speci-
mens of higher total porosity was uniform with respect to pore
size. Furthermore, using the density values acquired by the
Mechanics Section, it can be shown that the porosity represented
by these distributions represents about 30 percent of the total

N
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porosity for each pair of specimens. Therefore, it is apparent
that the higher total porosity did not come exclusively from
pores of large size.

The specimens used to develop the information shown in
Figure 64 illustrate a second point. On the basis of weak/strong
studies of the individual mechanical specimens where one makes a
direct comparison of the structures of a weak and a strong
specimen, the amount of total porosity (within the range of poros-
ity of the specific material used in this study) and the frequency
of the larger pokes did not apparently affect the strength. The
effect of porosity on strength is only correlatable when average
fracture stress for groups of mechanical specimens is cot.jidered.

In theoretical sintering studies using specimens of equal
green consolidation, one expects total porosity to decrease and
the frequency of large pores to increase with increased thermal
input. However, in the present study involving tha data for
Figure 64, there is no evidence of advanced sintering (advanced
grain growth) and the specimens of greatest porosity c-.tained the
larger pores; therefore, one concludes thal items such as 5A13 and
4All were not consolidated in the green state to the same extent
as the other parts. This is suggested also by an inspection of
the green densities in Table I.

The porosity features listed in the last four columns of
Table IX were obtained frcm 50OX photomicrographs. These photo-
micrographs were taken at one of three positions along the center-
line of these specimens, The percentage porosity by area values
are not in very good agreement with density values on an absolute
basis, but are in agreement on a relative basis, (It is believed
that the porosity value for flexural specimen 2A12-096-11 is too
low.) The area count mathod in general yields high porosity
values because of grain pullout, rounding cnd enlarging of the
pores during polish.ng, and an apparent tendency to trace the
pore to larger-than-true size on the light table. There seems
to be little difference in average pore size. The percentage
porosity and average pore size were determined from the photo-
micrograph which appeared to be an average of the three taken.
The maximum pore size was taken from the largest pore shown on
the three 500X photomicrographs. It is questionable as to the
definitive value of this maximum size data. Another set of photo-
micrographs would probably give an entircly different set of data.
The information in Figure 64 and the 5OX pictures in Figures 55
through 63 give a better picture of maximum pore size.
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To summarize the above observations, it would seem that A
there were at least two levels of porosity existing, The denser
parts had a porosity of approximately 3-4 percent with a maximum
size of 50 microns, while the less dense parts had about 4-7
percent and a maximum size of 125 microns. Parts from Tool Sets
4 and 5 seem to be different with respect to porpsity features
from those parts made with Tool Sets 1, 3, and 6.

Within the limited examination described above, .no indica-
tion on nonuniformity within a given blank or nonreproducibility
within a gqroup0 of identical blanks was found.

The less dense blafiks, 4All and 5A13, possess a lower
average fracture stress, but 1:1 correlation between fracture
stress anddensity for individual mechanical specimens was not
detecte i weak/strong studies.

Uniformity of Grain Size - One item, 3A10-088, which had
,been preViousy cut into macrp specimens for evaluation of the
uniformity with respect to strength and density was used in this
study. The cutting plan is shown as Figure i5. Fourteen speci-mens weare selected from this cutting plan. The polished sections
weremade from areas near-the center of each macro specimen. Thefollowing data were acquired:

Arerage Grain
Intercept Size

Specimen in Microns

3A10-088-Al 3.9
3Al0'-088-A3 3.5
3A10-088-A5 3.6
3A10-088-B3 3.9
3AI0-088-B6 3.5
3Ai0-088-Bi 3.7
3AI0-088-BIO 3.5
3A10-088-B13 3.6
3A10-088-C6 3.4
3AI0-088-C8 3.8
3A10-088-CIO 4.0
3AI0-088-D6 3.6 Z
3A10-088-D8 3.7
3A10-088-DI0 3.6
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The average of these data is 3.7 microns with a low-high
of 3.4 to 4.0.. Maximum grain size for all specimens was about
20 microns. One would conclude from these data that the uniform-
ity of Item 088 was excelent with respect to average grain size.

Grain Size as a Function of Those Factors Contributing to
Reproducibility - The factors contributing to reproducibility
which. were considered in the selection of specimens to be examined
include: tool set, green density, minimum fired section dimen-
sion and thermal input. Even though 23 specimens were evaluated,
this represents a rather cursory examination when one considers
the total number of specimens available. An attempt was made to
choose specimens with widely differing thermal inputs and green
densities for a given tool set or minimum fired section size.
These data are presented in Table X along with other information
pertaining to the specific specimens.

Before attempting to state observations from the above data,
it may be well to note the rather narrow range of average grain
intercept size that t-hib material possessed. The following data
illustrate this point.

Average Grain
Intercept Size Range

Measurements Made in Microns Microns

1. Ten sets of measurements from
one photomicrograph 3.7 3.6-3.8

2. Fourteen sets of measurements
from fourteen specimens from
one item 3.7 3.4-4.0

3. Twenty-three sets of measure-
ments from twenty-three
specimens from nineteen items
selected for widely differing
processing factors 3.6 2.9-4.2

From these data it is apparent that the average grain intercept
size is 3.6 microns. When one considers the data spread allowed
by the precision of measurement (±3%) and the spread Which would
surely be introduced by the examination of many photomicrographs
for each specimen, the range of average grain intercept size would
probably be less than 1 micron. As shown above with no allowances,
the range is only slightly greater than 1 micron even though the
method of specimen selection should yield the widest possible
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range. Therefore, in consideration of this narrow range in
average size, opinions formed with respect to the grain size-
processing factor relationship based on the data in Table X
should be developed with some degree bf reservation.

Additional reasons contribute to the difficulty of forming
concrete opinions. For each correlation one attempts to make
between grain size and the factors under consideration, at least
one direct contradiction is found. Also in most cases the
processing factors are combined in a manner so as to have a
compensating or leveling effect on end point characteristics.
Therefore, one does not find extreme values very helpful in the
formulation of conclusions. It is not believed that this is a
fortuitous occurrence. It is likely a manifestation of the
efforts of a skillful manufacturer Striving for uniformity and
reproducibility.

In general the grain size increased with thermal input as
measured by the degree of cone deformation. Also, it would seem
that with thermal input (cone deformation) constant, grain size
increased with decreasing minimum fired section dimension. The
lack of suitable data precludes comment on the effects volume
pressed (tool set) and green density have on grain size. If a
range in average grain size of one micron is acceptable and the
variations in the factors included in Table 10 are typical of the [
processing, one would conclude that reproducibility with respectto grain size was good. I

The comments made in this se'ction are based on the visual

inspection of the data in Table X.

Second Phase - In the course of this characterization, an
unknown microconstituent was detected. It differs from a alumina [
with respect to polishing, chemical etching, morphology, and
chemical constitution. If relief polishing is usea to reveal I
microstructure, this material appears readily, while the alumina
grain boundaries do not. In this study, 85 percent H3P04 acid
was used as an etchant. This reagent at 150'C brings out the
detail of the "second phase" without extensively developing the
appearance of the alumina grain boundaries. At 250 0C, this F
etchant reveals alumina grain boundaries and takes the unknown

phase into solution. The photomicrographs of Figure 65 show the
grain shape to be prismatic rather than the more-or-less equiaxed
structure expected of alumina. Since the volume present and
size of these grains varied little among the specimens examined,
only two photomicrographs are presented. These two specimens
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were from the same type of blank and exhibited high and low
strength.

Qualitative chemical constitution concerning the second
phase was examined using normal microprobe techniques., The
specimens were in a relief-polished condition and had been
lightly coated with carbon. A Materials Analysis Company Model
400 microprobe was used.

When compared with adjacent alumina grains, the unknown
phase indicates the presence of magnesium, calcium, sodium, and
silicon, in addition to aluminum. This was shown by stationary
beam-spectral scanning and by line traverses for the specific
elements which had been qualitatively identified. Scanning-beam
technique searching for magnesium also revealed these areas of
unknown material, both on polished and fracture faces. Figure 66
shows one piece of microprobe evidence. This is a reproduction
of a stripchart from a spectral scan using a beam sufficiently
small so that the X-ray output was coming exclusively from the
unknown phase. Peaks associated with sodium, magnesium, aluminum,
and silicon are visible. Other scans were made which more prom-
inently displayed the silicon peak and showed the presence of
calcium. Similar scans on areas immediately adjacent to the
unknown phase, revealed only aluminum.

One unsuccessful attempt was made to identify the material
by X-ray diffraction. Only the pattern for a alumina appeared.
Although only the alumina pattern was present, the "d" spacings
calculated were not in as good agreement with ASTM values as one
might expect.

One can only speculate regarding the identity of the micro-
constituent. It could be suggested that the questionable phase
was an impure spinel or an alumino-silicate. The microprobe
analysis indicated about the correct amount of aluminum in the
unknown for it to be a spinel. However, the raw count data were
not corrected so the other elements of lesser concentration are
quantitatively in doubt. If this questionable phase were spinel,
it should be noted that only about 1 percent RO would be suffi-
cient to create the quantity seen. Since the measured volume
percentage present may be in error to the high side and the
density of the unknown lower than alumina, a weight percentage
too low for detection by diffraction may be present. On the other
hand, one might suggest that the area represents an alumina solid
solution which has had its lattice spacing altered by the foreign
ions and its crystal morphology modified due to the initial
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reaction state which may have been a spinel formation. Finally,
existence of an amorphous phase,

Whether the cations other than aluminum which have been
qualitatively identified occur as inherent impurities or inten-
tional additions, their presence was noted only in isolated

j I positions (the unknown phase). These elements were not detected
within alumina grains. No specific effort was made to examine
alumina grain boundaries. The line traverses made with the probe
adjusted to detect magnesium did not delineate alumina grain
boundaries but showed dramatic response when the beam crossed
the unknown phase. Obviously, grain boundary impurity may have
been overlooked using a rather rapid line traverse.

In any event, the amount and size of this phase seems to
be equal in all specimens examined. For the seven flexural
specimens examined, Table 9 shows that the volume percentage
present varied from 5.1 to 7.7, and the average size varied from
1.7 to 2.4 microns. As in the case of the data on porosity, the
volume percent may be a little high, and the largest crystal
dimension is considerably greater than the average size.

An electron photomicrograph is shown in Figure 67 to
indicate more clearly the morphology of the grains and their
size. Tensile specimen 2A05-047-2T was used for this photomicro-
graph. The surface was polished and etched at 1500C with H3PO4
before replication. No evidence was obtained that microcracks
developed at the interface between the unknown phase and the
alumina matrix.

It would be impossible to say that this unknown microcon-
stituent contributed in any way either to failure at stress levels
well below the expected average value or to the primary failure
criterion. Its potential role in the mode of fracture will be
mentioned in the section on fractography.

Fracture Mode by Macro and Micro Fractography

All flexural and tensile specimens examined were photo-
graphed at 20X or 50X magnification using oblique lighting. The
magnification used was subject to the size of the object. Views
of the fracture face and the region of fracture in profile were
used.

A correlation seems to exist between the appearance of
macrofractographs and the stress required for fracture. Specimens
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which required a higher stress to fracture developed a rough
undulating fracture face, while those fracturing at a lower
stress revealed an almost planar fracture face. Although it
was most obvious for flexural specimens, this was also true for
tensile specimens. The macrofractographs of Figures 68 and 69
illustrate this observation. These figures show a comparison
of flexural specimens 3A09-085-2 and 3A09-085-l nigh and low
(weak/strong) strength mechanical specimen from the same blank.
Figure 68 compares the fractre paths for the two mechanical
specimens viewed in profile, with the top of the picture repre-
senting the region of compression. Note the irregular fracture
path of the stronger specimen and the rather classic relation
to the stress fields on the tensile and compressive sides.
A comparison of the fracture faces of these two specimens at low
magnification is shown in Figure 69. It is apparent that the
stronger specimen possesses a rougher, more undulating fracture
face.

That the stronger specimen reveals the creation of more
new surface in fracture than the weaker one is a rational
observation. However, it does not offer direct evidence of
explanation for the weaker or stronger blanks or for the weaker
or stronger specimens from a given blank. From the observations
above, it was assumed that electron fractography would reveal a
difference in fracture mode between weak and strong specimens.

Fracture and external surfaces were examined by light and
electron microscopy. Suitable specimens for examination were
prepared by a two-stage replication technique. The electron
microscopy was done on a Siemens Elmiskop 1A microscope.

Fractography studies made in l~ter work of this program
utilized a direct replication technique which eliminated certain
structural ambiguities and reduced the number of artifacts. The
direct replication technique used is described by Gutshall and
Shaw.4 Artifacts which appear in the earlier electron photomicro-
graphs of this report include tears in the replica, undissolved
plastic, round black particles at grain boundaries and other
discontinuities, and black bands between specific grains. The
black particles were not identified. They may be due to poor
conditions of evaporation or atmosphere pollution during prepara-
tion. The black bands are believed caused by replica collapse
at points of sharp surface discontinuity.

Fracture surfaces were examined by electron microscopy for
the same two specimens as above, 3A09-085-l (35,000 psi) and
3A09-085--2 (52,000 psi). From examining many photomicrographs
of these specimens, it was found that the primary fracture mode
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was intergranular. Less than 10 to 20 percent of the fracture
surface was intragranular and that between the upper and lower
limits of strength for & group of specimens, the stronger
specimens showed more intragranular fracture. Both the stronger
and weaker specimens displayed what has been tentatively termed
"a second phase" or intergranular impurity. Almost all fracto-
graphs contained this structure. Little porosity can be seen in
the fracture surface.

Two additional specimens were examined which also showed
divergent strength values and similar densities. However, these
two specimens had a lower density than the specimens mentioned
above. A typical microfractograph from the tensile region of
specimen 5A13-102-6 is shown in Figure 70. From examining many
such microfractographs, the primary fracture mode for these
specimens also was intergranular. Less than 10-20 percent of
the fracture surface was intraguanular. The amount of intra-
granular fracture was greater for the stronger specimen. The
amount of intragranular fracture was less in the compression
region for both the stronger and the weaker specimens. Both
specimens had an intragranular phase and little detectable poros-
ity within the fracture face.

SEM photomicrographs at different magnification are shown
in Figures 71 and 72 and are included to enhance the general
appreciation of the fracture morphology for a typical flexural
specimen. They primarily confirm the results based on other
techniques of characterization. These photomicrographs indicate
that the principal fracture mode was intergranular and thatmicroporosity was present in the grain boundaries. A few areas

resembling curved depresssions can be interpreted as pores
similar in size to alumina grains. For this particular specimen,
no microstructural feature could be identified as second phaseand no area resembled a macropore.

In this limited fractography study, weak and stronger
specimens at two porosity levels were examined. A correlation
seemed to exist. For each porosity level, the stronger specimen
revealed more transgranular fracture and a more tortuous fracture
path. The stronger of the less dense specimens fractured in
about the same manner as did the stronger of the more dense speci-
mens. The fractography study did not suggest any nonuniformity
or nonreproducibility which might contribute to the presence of
more transgranular fracture in certain specimens. Within a given
strength and density range, a small difference in fracture topog-
raphy has been noted but no explanation is available.
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Material Characteristics versus Extreme Differences in Strength
(Weak/Strong)

In the foregoing sections the character' .On was largely
concerned with material uniformity or reproduc:1lity and a
search for evidence which might explain the vanei .ion in strength
within a range of values adhering to statistical aescription.
The study also attempted to learn why certain specific specimens
failed at a much lower-than-expected stress. This is the weak/
strong study. This problem-has been referred to in some of the
information above, but a concentrated effort was made on this
point using tensile Specimens 2A05-047-2T and 2A05-047-lT. These
specimens came from the only A05 blank tested which was intention-
ally fired to a higher temperature than normal. From the gage
section of this blank, four specimens were cut: two flexural and
two tensile. The two flexural specimens had strengths of 45,140
psi and 45,420 psi, compared with an average strength of 49,050

Kpsi for all A05 specimens tested in flexure. Tensile Specimens
2A05-097-2T and 2A05-047-lT had strengths of 46,540 ps.. and
22,800 psi, respectively, compared with an average of 45,000 psi
for all A05 specimens tested in tension with the exception of the
22,800 psi valae. Since these two tensile specimens came from
essentially adjacent volumes of material and had such different
strengths, it would seem they were excellent candidates for the
investigation.

Probably the most obvious difference in these two specimens
was recorded in the low magnification inspection of the fracture.
The stronger specimen developed a classic fracture plane normal
to tu*e outer surface where it then became inclined to the longi-
tudinal specimen axis, while the fracture path of the weaker one
was normal to this axis. The fractute surface of the stronger
specimen was rougher than that of the weaker one. These obser-
vations parallel those previously cited for the flexural specimens.

The size, amount, and distribution of pores and second
phase were similar for the two specimens. The porosity shown in
photomicrographs may be slightly greater than the 3 percent indi-
cated by density measurements and this is attributed to a certain
amount of pullout. A value of 6.9 microns was determined for the
average grain size of both specimens.

r

Replicas were prepared from the fracture faces of the
remaining halves of tensile Specimens 2A05-097-2T and 2A05-Cq7-lT.
The fractographic examination revealed information similar to
that previously stated for the flexural specimens. That is, tl:
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primary mode of fracture was intergranular for both specimens,
with the stronger one displaying more intragranular fracture.

Within the limits of this study, it was impossible to
determine the reason for the unusually low strength displayed by
specific specimens. Prior to this examination, it was believed
that a disparate flaw contributed to the very low strength.
This type of flaw may include any structural detail that is
abnormal to the general microstructure; for example, a hetero-
geneous distribution of porosity, a pre-existing large crack, a
large void, etc. Such disparates critically located in the speci-
men should produce low strength.

Evidence of disparate flaws was not found during the fracto-
graphic examination. However, it is quite possible that: the
descriptive detail was overlooked, the evidence is not sufficiently
different from the other fractographic structure, or the definitive
structure is destroyed during fracture.

On several occasions, cracks were found in noncritical
positions away from the fracture zone. These cracks iusually
entered the specimen at a rather shallow angle ard it would seem
that a chipped surface would result if the crack were propagated.
Such a crack could develop during processing or during grinding
as a result of relieved residual stress or due to grinding abuse.
Since a meticulous :aicroscopic inspection of specimen surfaces
prior to testing was not part of the procedure, no conclusion is
available. However, if this type of flaw critically positioned
served as a source of fracture, there is reasonable doubt that one
could detect it during post-test fractography. Another disparate
that was observed during post-test examination was a very large
void probably associated with the bridging of powders during
compaction. This void is shown in Figure 73, and in this view
the cross section of the void is about 5 x 30 mils. It occurred
within the gage length of flexural specimen 2A05-043-3, which had
a strength of 54,000 psi. It was located on the side of the
specimen and in the tension region near the neutral axis. It is
difficult to imagine that a disparate of this magnitude would not
play a role in low stress fracture had the volume of material
been extracted from the blank in a manner which would have placed
the flaw in a critical position. Having examined replications cf
as-fired surfaces, one would say that evidence of this void
within a fracture surface could be overlooked in electron frac-
tography.
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Summary - Within a given blank and among identical blanks,
uniformity, with respect to microstructural features, was good.
One must include specific features, such as the maximum grain
size or maximum pore size as shown by a single photomicrograph
to demonstrate differences.

Within the limits of present knowledge, one can also say
that reproducibility was good for all blanks produced by a given
tool set. For example, the blanks making up Groups A09 and A10
produced from Tool Set 3 were quite similar. This point is
somehwat difficult to judge for Tool Set 2 since five different
blank shapes of great size difference were made from this tool
set.

When all the blanks produced are considered, a detectable
degree of nonreproducibility is apparent. The Groups All and A13
were similar in characteristics to each other, but differ from
the other groups. This difference is manifested by lower average
fracture stress, lower density, greater total porosity, and
larger maximum pore size for those specimens from Groups All and
AI3.

Efforts were not conclusive to relate specific micro-
structural detail to failure at lower-than-average stress (weak/
strong studies) for specific specimens within a group. Only
fracture mode correlated with fracture stress for this part of
the study. Low stress fracture resulted in a more or less planar
fracture surface, while fractures at high stress developed an
irregular surface. Although it was not quantitatively establi,hed,
microfractogzaphy indicated nre intragranular fracture for the
high fracture stress parts. viithin the effort used, these fea-
tures could not be related back to the source of fracture.

Flexural Evaluations on a High-Fired 4All Blank

After discussions with Coors and the Air Force, it was
decided to evaluate one of the later 4All's that had been fired
at a higher temperature to determine whether it would more nearly
"fit" into the general population. Blank 4A11-112 was selected
for these additional evaluations. The cutting plan, showni in
Figure 7, was designed to (1) test an "improved" type 4A11 blank,
(2) give more information for analysis of property variations
versus location within a blank and (3) check for skin effects.

In addition, more extensive nondestructive testing, a limited
postfracture examination, and limited number of statistical cal-
culations were performed.
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NDT Measurements - Nondestructive testing preceded the
destructive testing of the fifty 4AIl-112 flexural specimens.
These included density determinations by liquid displacement and
mechanical methods, sonic velocity, X-ray, black light and white
light inspections. Dye penetrants were used on the total surface
of the specimens to enhance cracks and defects prior to the whiteflight inspection.

The results of density determinations for the 4AIl-112
blank are shown in Tables XIa and XIb. Position on these tables
represent the relative positions of the specimens on the cross
section of the original blank. Shown in Figures 74a and 74b are
density contour maps derived from the data from Tables lla and llb.

The terms "wet" density and "dry" density refer to data
obtained by water immersion and mechanical techniques described
earlier. Both densities are for vacuum dried specimens.

The mean "dry" density from the 4A11-112 blank was 3.829
gm/cm 3 with a standard deviation 0.026 gm/cm 3. Individual "wet"
density values were consistently higher than "dry" densities by
about 0.030 gm/cm 3 and, as expected, mean density was also higher
by this amount; standard deviations were essentially equal. At
least 60 percent of the difference between "wet" and "dry" densi-
ties can be explained by surface roughness. The remainder of the
difference must be due to surface porosity.

The mean density of the flexural specimens from the 4A11-089
blank was 3.775 gm/cm 3 with a standard deviation of 0.019 gm/cm 3.
The difference in mean densities between Blanks 4A11-089 and
4A11-112 was significant at the 99 percent confidence level. The
increase in mean density was expected since the 4A11-112 blank
was fired at an 800C higher temperature. The increase in standard
deviation of the density between tia 4AII-089 and 4AII-112 blanks
was not necessarily expected. A portion of this increase in
standard deviation can be explained by the removal of specimens
from material much closer to the surface of the 4A1I-112 blank.
The density contour maps of Figures 74a and 74b show that position
alone does not fully explain this difference.

The results of the sonic velocity measurements are shown in
Table XII. The mean velocity was 0.4016 inch/ sec with a standard
deviation of 0.0035 inch/V sec. Comparisions with the 4A11-089
blank were not possible since velocity measurements were not
taken for that blank.
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Destructive Testing - The specimens were evaluated in
flexure using the apparatus described earlier. The specimens
were loaded in random order. Specimen orientation in the
original blank was identified by a corner cut. Specimens were
loaded in the flexural apparatus with the orientation mark
randomly located left and right. The tensile faces of all speci-
mens from Section A were uppermost for the blank orientation
shown in Figure 7. The tensile faces of all Section C specimens
were the lower faces. Three specimens were strain gaged for
determination of flexural modulus prior to their destructive
testing.

The results of the flexural evaluations are shown in
Table XII. The average flexural strength (MOR) was 40,920 psi
with a standard deviation of 4,550 psi and a coefficient of vari-
ation of 11.11 percent. The figures from previous flexural
testing of Blank 4A11-089 were 44,320 psi, 4,780 psi, and 10.8
percent, respectively. The difference in the average strengths
was statistically significant at the 99 percent confidence level.
A slight difference existed between the average strengths for
Sections A and C but this difference was not significant.

Prior to testing to failure, Sk.ecimens All-112-ClI, C25,
and C32 were used for the determination of flexural moduli. They
were strain gaged and incrementally loaded to 25 pounds load
(-15,000 psi or 40 percent of the mean fracture stress). These
flexural moduli and their corrtsponding sonic moduli are shown
below.

Modulus Values

Modulus Average
from Strain Sonic Sonic

Measurements Modulus Modulus
Specimen psi psi (previous)

CIl 51.8 x 106 53.9 x 106 53.6 x 106
C25 49.3 x 106 52.3 x 106
C32 51.4 x 106 50.2 x 106

During the flexural evaluations, four specimens fractured in
two places, and, of these, one had a fracture outside the region
of maximum moment. For this work, fractures in two places or
fracture outside the region of maximum moment were not considered
sufficient grounds to exclude data for these specimens from
statistical calculations.
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As a check n the apparatus, specimens were loaded with
the specimen orientation mark randomly placed left and right.
No significant difference was detected between the mean fracture
locations of the left and right oriented specimens. This result
indicates that the rig was applying an essentially unifori
moment.

The higher firing temperature (+80*C) for this blank gave
larger grain size. The average grain size for specimens from
the center of Sections A and C was 6.7 microns and the maximum
grain size was approximately 35 microns. The average grain size
at the corner of the blank was 7.7 microns but this was not con-
sidered particularly significant..

An examination was made of the data for possible correlations.
The following comments are the more obvious ones.

1. A positive correlation seems to exist between strength
and density of individual specimens, but it is not a strong one.
The major exceptions to this are the four corner specimens from
Section A which have higher densities but lower strengths than the
neighboring specimens. Larger grain size due to increased thermal
input helps explain this anomaly.

2. From l0X to 20X observation of the specimens, the
impression is that this material had many voids in the range of
1 to 5 mils maximum dimension. This is in marked contrast to the
s pecimens for which pore counts were run previously, but this was
probably due to the greater surface surveyed.

3. Shown in the remarks column of Table XII are the disparate
flaws or voids which coincided with fracture location. The three
largest disparate flaws found during the prefracture visual
inspection caused fracture at their location-Specimens
4A11-112-All, A51, and C53. Photomicrographs of two of these dis-
parates are shown as Figures 83 and 84. Less severe disparates
did not exert such a marked influence apparently due to their
smaller size. The major exception to the influence of large dis-
parates on the location of fracture was a 6 x 1-mil void 0.060
inch outside the area of maximum moment on Specimen 4Ali-112-C42.

The column of Table XII labeled Strength Rank shows that in
general the specimens which exhibited disparates in their fracture
fa.e are contained in the group with lower strengths. In partic-
ular, Specimen 4A1I-112-C53 had the lowest strength.
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PRELIMINARY SURFACE FINISH STUDY

The nominal surface finish on all the specimens discussed
to this point was approximately 15 rms. A brief study was under-

* taken to investigate the effect of surface finish on strength.
Flexural specimens from Blank 3A10-087 were considered along with
those from Blank 3A10-088 for the as-ground examples. Specimens
3A10-088C-1, -12, and -13 were cut into two pieces of approxi-
mately one inch in length, designated A and B_. The three pieces
designated A were polished and lapped with -micron diamond
compound. Both one-inch pieces from each specimen were loaded in
flexure. The data de presented in Table 13.

Specimens 3A10-088-A4, -B5, -Cl, -C2, -C3, -Dl, -D2, and
-D3 were polished to a surface finish of 3 to 4 rms. The data
for these specimens are shown in Table 13. Tensile specimens
3A10-088-C4T, -C5T, -CI4T, -CI5T, -D4T, and -D5T were also pol-
ished to a finish of 3 to 4 rms, and their strength values are
presented in Table 14.

The polishing procedure employed was as follows:
1. Initial grinding with Norton DI00-R50B56-3/32 diamond

wheel
2. Lap out grinding scratches with 15-micron diamond com-

pound on wooden paddle
3. Lap with 5-micron diamond compound
4. Lap with 1-micron diamond compound on wooden lapping

disk
S. Final lapping with -micron diamond compound

It was also deemed desirable to consider the influence of
an as-pressed-and-fired surface and a green-machined-fired surface
of a macro specimen. These surfaces were positioned as the
tensile surfaces when the specimens were loaded. Data are pre-
sented in Table XV. The results of the cursory surface finish
investigation are briefly summarized in Table XV. These results
show that, except for the as-fired surface, and the green-
machined surface, the surface finish did not have an appreciable
effect on the strength of the specimens. The ground surfaces,
polished surfaces (by machine shop), and metallurgically lapped
surfaces all gave essentially the same strength values in both
flexure and tension. The nominal flexural strength w"s about
49,000 psi. The pressed and fired surface gave about a 15 percent
lower strength value of 40,820 psi.
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I
STUDIES OF SUBSURFACE DAMAGE

The lack of clear-cut differences in strengths of differ-
ent specimens with differing surface finishes (all good) and
preparation technique during earlier phases on this program
raised questions concerning specimen preparation, surface finish,
and subsurface damage. Some such questions are:

1. is there a surface finish optimum such that a better
finish does noi: enhance strength simply because
internal flaws are continuously exposed with progress-
ive polishing?

2. Are the strength data being normalized by slicing-
grinding damage which precedes the finer finishing
steps without large material removal by gentle
polishing?

3. Are fractures initiating internally; away from the
effects of polished surfaces?

4. Are cracks, fla._s, and voids distributed throughout the
material of sufficient size to cause crack propagation

at the stress levels of these evaluations?

Five separate efforts were followed to help clarify some
of these questions. The first effort was an analytical study of
the statistics of fracture.

The second effort was concerned with the examination of
surface structure by eectron microscope to build a background of
surface description and then to search for indications of surface
or subsurface damage which may be responsible for fracture
initiation. Some evidence was found which strongly suggested
intergranular cracks on a ground surface of a specimen, Figure 91.
The evidence, however, was not conclusive.

The third effort was an attempt to see if significant
changes in strength could be detected for any of a large number
of surface preparation techniques. The fourth effort was to
determine whether specimens produced using Southern Research
machine shop practices gave significantly different strengths
than specimens produced using different machine shop practices.
The last effort was a study to determine the effects of refiring
on strength.
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Statistics of Fracture

As reported elsewhere, some limited work was conducted on
surf ace finish effects., but the results were inconclusive.
General-ly., improving the surface from an as-ground to metallur-
gically lapped surface had little effect on the fJexural strength
of the material.

To investigate the idea of surface and/or subsurface damage
and what effect it might have on the flexural strength, the
distribution of the fracture-source location is needed. There is
inherent in the Weibull model & statistical descritpion of the
fracture location. The following is a brief outline Of 'this
analytical study. A complete derivation is included in the Appendix.

Beginning with the Weibull Distribution in the following
form:

= exp ~ 1 ) dVl

this can be .altered by choosing normalized variables describing

the stress distribution- and the volume.

= T
dV = C Vn d

where

aT = reference stress, usually maximum tension

VT = volume in tension

C. = constant
= normalized position variable

For a rectangular flexural specimen, the dimensionless
functions are

a = 0TE, f =

where is the dimensionless transverse distance from the neutral
plane and the volume under tension is

dV =VT dg
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Now the probability of fracture initiating between the neutral
axis and the fraction P of the beam half-height is (see Appendix).

F Gs  f 1 - = +
GT m+l 1

Figure 77 shows the fracture source disftribution in a rectangular
bar under pure bendilug for various values of m. Figure 78 shows
the same curves for a round flexural specimen.

For a specimen subjected to uniform tension

CT U, f) = I

dV =2VT dE

The probability of fracture is given by

F = 
s  E2

G T

which is independent of m. Figure 79 shows the curve for a
uniform tensile specimen.

For a group of specimens with a particular form of stress

distribution, the Weibull Distribution function reduces to

= exp - VEQ]

where

S = specimen survival probability
aT = a convenient reference stress, such as the

T maximum stress in the specimen
U = constant

VEQT equivalent volume in tension

m =Weibull modulus
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The mean failing stress can be shown to be

a T (V)-/m r(l+l/m)

Substitution into the reduced form of the Weibull Distribution
function yields

s=exp [0mr m]

where

0 normalized stress =T

arT

r = r(l+l/m)

Comparing two different volumes in uniform tension having
the same form of the distribution function gives

a T.L= VT21/rn

Comparing a volume in uniform tension and a volume of a rectangu-
lar beam in pure bending gives

a [V . i 1/
a F [1

These last two equations were used to plot the curves shown
in Figure 80. he average strength and volume of the macrotensile
specimens are used as the base for these plots. Also plotted are

the average results of evaluations of macroflexure specimens and
some full size A09 flexure bars. (The results from these latter

evaluations are shown in Table XVI. They were not a direct part of
this program at this time, but did provide useful information).
Note that all three of the measured responses fit the predicted
response curve very well.
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Before proceeding to a discussion of the curves, consider
the techniques used to determine the Weibull Modulus m. Several
estimators may be used. The more familiar of these estimators
are: (1) the least value, (2) the greatest value, (3) the stan-
dard deviation, (4) the maximum likelihood, and (5) the log-log
slope estimator. The last three of these have been used in the
past. In the most recent work, the standard deviation and maxi-
mum likelihood estimators have been used. For the current data,
the standard deviation appears to give the best estimate; how-
ever, a detailed analysis has not been run.

The standard deviation (Coefficient of Variation) is
related to the Weibull Modulus by the following equation:

Figure 81 is a plot of COV versus m from this equation. This
relation was used in a computer program to obtain values for m

for the standard deviation.

Figures 82, 83, and 84 show plots of the macrotensile and
macroflexural data using the equation

S = 1 - exp (rS)m1

where S is the probability of fracture. This is the same data
as shown in Figure 43 except it has been replotted using thedimensionless parameter, beta. Note that the values of m (stan-
dard deviation estimate) for the tensile and flexural data are

in good agreement, 12.5 and 12.9. The curves appear to fit the
data quite well, but no quantitative estimate has been made.
Figure 84 shows that the maximum likelihood estimate for m was
14.7 for the flexural data; the curve for this value does not
seem to fit as well as did the curve for m = 12.9.

Discussion - From Figures 82 and 83 m-12.5 for the material
we are considering. With this value for m and Figure 77, a
statistical look at the fracture source distribution can be
obtained. Note in Figure 77 that 50 percent of the time fracture
in the rectangular flexural bar should initiate within 0.003 inch
of the surface; 80 percent of the time within 0.005 inch of the

surface and 95 percent of the time within 0.010 inch of the
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surface. Thus, any subsurface damage which penetrated deeper
than about 0.0005 inch would have considerable effect on tie
results (10 percent of the fractures should initiate in the first
0.0005 inch).

For a uniform tensile specimen, the fracture-source dis-
tribution is independent of m and depends only on the area
(volume) ratios. The distribution (see Figure 79) shows that
50 percent of the time fractures should initiate within 0.013
inch of the surface and that only 20 percent initiate, within the
first 0.005 inch.

The above figures show that the flexural results would
depend much more heavily on the condition of the material close
to the surface. The good predictions of flexural response from
tensile results shown in Figure 80 may be taken as indirect
evidence that the flexural specimens are not responding to
"damage" near the surface. Probably, it would still be wrong to
conclude that the same mechanisms were operating in the tensile
and flexural specimens. It may be possible to make this conclu-
sion if the material could be affected in some known way and
thereby change m. if so, one would conclude that the surface 5
mils of material as it now exists is like the internal material
and tht "damage" is not created by grinding, but simply
"exposed".

Recall earlier the equation

S = exp \f)/ d

was transformed into the equation

S = exp [ mm1

The equation

S = exp mdA]

AA
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could just as easily been transformed where dA is an area
fA

integral in place of a volume integral. The distribution!in
S = exp

is very general. Some of its redeeming virtues, as noted by
Robinson5 are:

a. Data from a variety of studies may be pooled to yield
large samples, since normalization eliminates the
stress distribution integral.

b. A single chart may be made to depict uniquely the
family of Weibull Distribution (see Figure 85).

c. It is a convenient analytical form to use in extreme-
value computations or other computations.

d. The constant a has been replaced by a more convenient
0

parameter, the mean value.

e. If the sample average is accepted, this form shows that
there is only one parameter, m, left to define the
distribution.

thkf. The k moment of the distribution is given by

- (+k)
k

In(l i)]

Unfortunately, because the distribution is general, it cannot be
used to give specific conclusions directly. There are no clues
from one set of data as to whether the value of in is generated by
volume effects or surface effects (or both). If m depends on
volume only, it should not change regardless of the specimen con-
figuration. If in depends on surface only, it probably should
change with surface preparation. The machining studies and the
surface preparation studies hold the key here. If m could be

U effected by grinding, lapping, refiring, etc., then it might be
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possible to determine whether there is subsurface damage and

what its effect might be.

Definition of Surface Characteristics by Electron Microscopy

The purpose of this phase of the investigation was to famil-
iarize the investigators with the minute detail of surface
structure resulting from: the manufacturing process, conventional
grinding, metallurgical laboratory lapping, commercial lapping,
and post grinding thermal effects. It was hoped that this work
might lead to a better understanding of surface effects as
applied to the fracture of the material of interest.

The photomicrographs described below were made by trans-
mission electron microscopy. A single stage replication technique
was used for most of the specimens. Shadowing was done at 350
with carbon-platinum pellets. Carbon applied at normal incidence
formed the replica. This technique eliminates most of the arti-
facts associated with two-stage replication and provides a more
easily interpreted shadowing effect. Two specimens, because of
severe surface discontinuities, required the use of a two-stage
technique. These will be identified below. The fiducial bar on
the photomicrographs represents a measure of magnification and
the nearby arrow shows the direction of shadowing. Reverse
printing was not employed. Therefore, the shadows appear light
in the figures.

An artifact common to all of these photomicrographs is a
black line delineating a gzain periphery on the side of the grain
opposite that from which the shadowing material was directed.
An example of this is identified by an arrow in Figure 88.

Since one may attempt to reason that this is evidence of a
surface crack, an explanation is in order. This is primarily a
result of a collapsed replication of a rather large, steep incline.
At these points, the electron beam is more efficiently scattered
due to the disproportionate replica thickness. Factors which
contribute to this in a secondary mariner are: replica thickness
and migration of shadowing material. This type of artifact has
been observed on replicas of such widely different subjects as:
minute particulate matter lying on a glass slide and cross
sections of blood vessels. When replica density permits the
observation of the fine structure of one of these black lines, it
appears as a wrinkled or folded film. These regions may be clearly
observed in Figure 86.
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As-Manufactured Surfaces - Figures 87 and 88 show, respec-
jtively, as-manufactured surfaces which have been pressed-fired

(3A10-088-A7) and pressed-green machined-fired (a radius,
2A04-026). Figure 87 is from a two-stage replica. The pressed
and fired surface consists of many large mounds protruding from
the surface, each consisting of many individual grains. Some
of these mounds are visible to the naked eye. In this photo-
micrograph, a region of finely structured debris marks a valley
between two mounds. When machining is employed before the final
firing, Figure 88, the mounds are eliminated and a surface develops
which is somewhat similar to that obtained in refiring. Thermal
faceting is more pronounced in Figure 88; however, this featuxe
may be obscured in Figure 87 because of the poorer replication
using the two-stage technique. It is also noted from Figure 88
that grain intersections which are relatively free of shadowing
effect show no indication of intergranular separation.

Surfaces Cut, Ground, or Lapped after Firing - Figure 89 is
taken from a two-stage replication of a surface exposed by slicing
the material with a 100-grit diamond wheel. The cutting action
is obviously one of fracture with the proportion of intergranularand transgranular fracture being similar to that of a fracture

surface created during mechanical testing. Certain regions
strongly suggest intergranular cracks in this surface. The white
areas of granular shape are probably positions where a grain not
securely anchored was removed during replication to be subsequently
lost along with its contiguous replica.

ky Figure 90 represents a standard 15-rms ground surface
(3A10-088-CI3B) prepared by the Institute's shop. Grinding was
done with a 100-grit diamond wheel. The improved clarity of this
photomicrograph over the preceding one is a result of the single-
stage technique being used. The comments extended for the sliced
surface also apply to this ground surface. Regions which suggested
surface cracks on the replicas fcr Figures 89 and 90 were examined
in detail at high magnification. Very few areas could be inter-
preted as cracks. An example of what may be assumed to be a crack
is shown in Figure 91. In this photomicrograph, the shadowing
direction was from the upper-left corner to the lower-right corner.
The crack is indicated by the shadow region (light area) appearing
on the side of the black line toward the shadowing direction. If
this were a projecting ridge, the light area would appear on the
opposite side of the black line. All other regions in this photo-

t micrograph are virtually at the same elevation. It seems that
this crack is the result of chippage at a grain boundary which
intersected the surface at a shallow angle.
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With regard to improved finishing, lapping was considered.
Looking ahead to the possible request for many specimens to be
prepared by lapping, the effect of a commercial lapping tool was
examined. An Abernathy lap was tried. This lapping tool consists
of an anodized aluminum plate which has had its surface previously
impregnated witn diamonds of desired grit size. The specimen used
in this trial was one which had been ground to 15 rms in the
Institute's shop. Using several grit size laps and finishing with
1800 grit, 3 mils of material were removed. The surface finish
improved to 5 rms. The resultant surface structure is shown in
Figure 92, a two-stage replication. Obviously, some flat or
smooth areas have been developed; however, it is doubtful that
this would represent a true surface improvement. Between the flat
areas, the structure is similar to that of the original 15-rms
ground surface.

Figure 93 shows the surface of Specimen 3A10-088-CI3A which
was metallurgically lapped in this laboratory. The surface finish
measured less than 1 rms. Scratches remaining after final polish-
ing are obvious. The smaller, 1 to 2 microns, surface disconti-
nuities may be exposed pores. The larger depressions are probably
areas damaged in grinding which have not been lapped out or are the
result of grain pullout during lapping. The black silhouettes are
alumina grains which have been extracted from the lapped surface
by the replica. They have remained intact with the replica and
are opaque to the beam. This would saggest that even if no other
type of flaw existed and reasonably good grinding and lapping
techniques were employed, flaws in the form of intergranular
cracks may be present to a depth equal to some percentage of the
maximum grain size. The larger surface discontinuities (pullout
or porosity) that are usually seen in optical photomicrographs
are absent on these replicas. It is believed these positions are
associated with mutilated sections of replica destroyed when the
delicate film is removed from the rough surface area.

After viewing this photomicrograph, Figure 93, it is not
surprising that the metallurgically lapped specimens did not
yield greater-than-normal strength values. A large selection of
fracture criteria is still available including (1) exposed pores,
(2) the interface between the alumina matrix and the second
phase, alumina grain boundaries (not visible), (3) fracture sur-
face developed during grinding which was not completely removed
by lapping, and (4) possibly microcracks.

It is obvious that none of the secondary finishing operations
completely eliminate the features developed during the initial
grinding step, even though from the standpoint of profilometry,
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the surface was greatly improved. Since the strength was not
increased with improved surface finish, one must question the
advisability of using conventional surface finish measurements
to relate finish to strength for this material. It would seem
that the question of the effect that surface finish or damage
due to grinding has on strength cannot be answered until only
the inherent material characteristics are present on the surface.
At the present time, it is not known whether fracture was

j associated with damage induced during grinding or was initiated
by some inherent external or internal structural characteristic.

Surface Preparation Study

As a second look at the effects various surface finishing
techniques might have on this material, a large number of
techniques were applied to small numbers of specimens. The
specimens were then evaluated in flexure to measure the effects.

Little of the high quality material was available for this
study and that which was available was in the form of small
blanks and scrap. Since this study would consume a fairly large
volume of material and to eliminate the confounding factors
which would be introduced by use of many different pieces with
differing properties, one of the larger pieces of scrap of lower
quality was chosen. This piece of scrap was from one of the
higher fired All blanks, 4A11-112. Specimens were sliced to size
using a 100-grit diamond cutoff wheel. Nominal specimen dimen-
sions were 0.100 inch x 0.200 inch x 2.00 inches. A cutting plan

is not shown for these specimens. Specimen numbers are descrip-
tive of specimon location within the piece of material. The
specimen identification is as follows:

4 All -112 -114L...---Position within a given slab

1 to 8, top to bottom

-One or two digits giving slab
number

Item number

Blank type

-Tool set
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The results of the various treatments tried are shown in
Table XVII. A baseline strength was established for the sliced
specimens and the results of most surface preparation treatments,
heat treatments, etc., were measured against this. The average
strength of the 4Allsliced specimens was 37,125 psi which was
significantly below the average strength of 40,920 psi for ground
specimens from this blank. A deep lap, slow machining rate,
intermediate machining rate, sandblast machining, and specimens
sliced with the predominant wheel marks normal to the specimen
length all gave average strengths which could not be shown to
differ from the as-sliced specimens.

The sliced specimens and sliced with predominant wheel
marks normal to the specimen length were repeated using a scrap
of "good" material from Blank 3A10-088. The sliced specimens
from the "good" material were weaker than the ground specimens
from this material by about the same amount as those from Blank
4A11-112. The sliced-normal specimens were much weaker than the
other sliced specimens from this "good" material, however.

Chemical machining was tried using hydrofluoric acid. The
gross cross section did not change perceptibly for the specimens
exposed to hydrofluoric acid. Chemical attack was evidenced by
an obvious increase in porosity. Specimens were exposed to the
hydrofluoric acid for 10 and 60 minutes. Those specimens exposed
for 10 minutes showed a depth of attack of -0.005 inch while
those exposed for 60 minutes showed a depth of attack of -0.010
inch. If it is assumed that a macroflexure specimen, 0.100 inch x
0.200 inch x 2.00 inches, was completely undamaged material and
0.005 inch (or 0.010 inch) of material was removed from the
surface, its fracture load in flexure would be reduced 22 percent
(42 percent). Fracture stress calculations based on gross cross
section would show similar decreases in apparent strength. The
actual decrease in strength was 6.5 percent (30 percent). The
difference between the predicted and actual decrease in strength
can be interpreted as indirect evidence that surface material is
indeed damaged and that the depth of damage is of the order of
0.004 inch. Applying the above analysis to the specimens exposed
to hydrofluoric acid required the assumption that the material
in the attacked region has zero or very low strength. The very
obvious increase in porosity in this region would seem to justify
this assumption.

As an extension of the above experiment, a group of speci-
mens was exposed to hydrofluoric acid for 10 minutes (attack
depth -0.005 inch) and then ground on all surfaces to a depth of
0.004 inch. The porous (attacked) material should require less
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energy to remove than solid (,unattacked) material and therefore
reduce grinding damage. The results °were not conclusive. The
average strength of these specimens was 39,803 psi which was
significantly stronger than the as-sliced specimens. A better
comparison would be the ground specimens from Blank 4A11-112.
From this comparison, it could not be concluded that the
strengths of the etched and machined specimens and the ground W
specimens were different.

Chemical machining using molten borax was tried on sliced
specimens from Blank 4All-I!2 and on ground specimens from
3A10-087. The sliced, borax-machined specimens had an average r

* strength of 39,750 psi which was significantly stronger than the
as-sliced specimens from this same blank. The ground, borax-
machined specimens had an average strength of 45,300 psi which
was weaker (but not significantly weaker) than the strength of
ground specimens from this blank.

Thermal treating of sliced specimens using an oxy-acetylene
torch was tried. Specimens heated momentarily to 20000F had an
average strength of 38,740 psi which could not be shown to be
different from the as-sliced specimens. Specimens heated to
29000F tended to develop thermal cracks on cooling and these data
though weaker are not considered significant.

Thermal treating of sliced specimens for various lengths
of time from 5 minutes to 168 hours in a furnace was tried with
inconclusive results. In addition to the tabulated results in
Table XVII, the results are also presented in Figure 94. The
following comparisons are all against the as-sliced specimens.

* I The 5-minute and one-hour thermal treatments indicated increases
in average strength. The 1/2-hour and 3-hour thermal treatments
indiczated reductions in strength. The 12-hour and 168-hour
thermal treatments indicated Wo change in average strength. A
relation between strength and length of thermal treatment can be
imagined if the data from the 5-minute and 1-hour thermal treat-
ments are ignored. Since there are no justifications for ignoring
these data, the only conclusion possible is that the thermal
treatments tried had no consistent effects.

Thermal treatment in conjunction with vacuum during thermal
p treatment, after thermal treatment, or both before and after

thermal treatment was tried on sliced specimens. The only one of
these treatments wnich gave a strength which differed from that
of the sliced specimens was a single specimen heated to 660*F for
2 hours in a vacuum and fractured in the vacuum environment at
room temperature. This single specimen had a strength of 46,435
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psi. This large increase in strength probably was due to the
thorough removal of moisture. With the exception of fracturing
in the vacuum environment, this experiment was repeated on 20
ground specimens from "good" material which appears elsewhere
in this report under "Environemnt Study".

Machining Study

The lack of clear-cut differences in strength of specimens
with different surface preparation techniques raised the question
of whether machine shop practices at Southern Research might be
causin%- damage which was not completely removed by the polishing,
lapping, etc. If specimens produced by other machine shops using
other practices have different strengths, it could be concluded
that indeed machine shop practices had an effect.

For this study, the large ends from 2A04 blanks were chosen.
The machine shop of Coors Porcelain Company of Golden, Colorado,
and R and W Products of Redwood City, California, agreed to
machine specimens. Both Coors and R and W were sent one end each
(randomly selected) from Blanks 2A04-24, 2A04-25, and 2A04-28.
For comparison, Southern Research machined 28 macroflexure speci-
mens from one end each of Blanks 2A04-31 and 2A04-35. All used
the same cutting plan which is shown in Figure 27. Coors and
Southern specimens were identified as follows:

2 A04 -024 -C 07
----Specimen number

= machined by Coors

A machined by Southern

Item number

Blank type

- Tool set

Due to a misunderstanding, specimen identification was not main-
tained by R and W Products and an arbitrary specimen identification
system was used as follows:
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2 A04 -R*W -S i0
--- Specimen number

= Southern Research procedures
(blank)' ='R and W ProductsTprocedures

-Machined by R and W Products

Blank type

- Tool set

The procedures followed by the Southern machine shop were:

Machine: Do All Surface Grinder

Culant; Flooded with water soluble oil (25:1 mix)

Wheel speed: 6,500 surface feet per minute

Table speed: 400 inches per minute

i. Slice specimens using 100-grit diamond cutoff wheel
(7-inch diameter x 1/32 inch). Downfeed 50.002 inch per
pass.

2. Using suitable precautions to assure flatness, grind
specimens to size using 100-grit diamond wheel (7-inch
diameter x 1/4 inch). Downfeed 40.00025 inch. Finish-
ing cuts 0.0001 inch. Crossfeed -0.125 inch per pass.

Coors machine shop used identical methods and wheels on
twenty-one macroflexire specimens (numbered 01 through 07) machined
using Southern Research procedures. The other twenty specimens
(numbered 08 through 14) were machined using the procedure in ACMA
Test No. 2 standard with the exception that a 220-mesh diamond
surface grinding wheel was used. These procedures can be summa-
rized as follows:

Wheel-specimen relative speed 6000 feet per minute

Downfeed 0.001 inch
Crossfeed 0.010 inch per pass IDown to final 0.001 inch

Downfeed -0.0002 inch
Crossfeed 0.005 inch per pass )Final 0.001 inch

All grinding parallel to length of bar
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R and W Products used Southern Research procedures on twenty

macroflexure specimens except that a 320-grit diamond surface

grinding wheel was used. The remaining twenty specimens were
machined using unspecified procedures and also using the 320-grit
diamond surface grinding wheel.

The specimens were subjected to nondestructive testing
consisting of bulk density, sonic velocity, and visual inspection
(10X-20X) in white light. The results of these evaluations are
shown in Table XVIII. The materials appeared similar from the
standpoint of density. The average density of the specimens
machined by all three machine shops was 3.809 gm/cm3. The sonic
velocity measurements were not comparable since specimens
machined by Coors and R and W had not been machined flat on the
ends of the specimens. The specimens machined by Coors and R and
W also did not have the chamfers along the edges of the tensile
face of the macroflexure specimens. The chamfers were machined
by Southern Research using half the normal downfeed for this
operation. The specimens machined by Coors had had a few small
:!hips along the edges of the tensile face and these all cleaned
up. Th, specimens machined by R and W had had several long
shallow chips along the edges of the tensile face but not all of
these cleaned uj Those chips which did not clean up did not i
affect fracture - tion, however, as in every case, fracture
occurred at a position away from these remaining chips.

Surface finish was measured using a profilometer on two
specimens chosen at random from each g -up of specimens. The
specimens machined by Southern Researcl .ad a surface finish of
20-26 microinch rms. Those machined by Coors had a surface
finish of 23-28 microinch rms using Southern Research procedures
and 22-30 microinch rms for those using ACMA Test No. 2 Standard.
The specimens machined by R and W using Southern Research pro-
cedures and their own procedures had surface finish of 9-12
microinch rms and 11-15 microinch rms, respectively. It was felt
significant that the use of a 220-mesh wheel by Coors did not
result in a finer surface finish than that given by a 100-grit
wheel. The 320-grit wheel used by R and W gave a much finer
su-fnce finish than that obtained by either Coors or Southern
Research.

The results cf flexure evaluations are also shown in Table

XVIII. The specimens machined by Southern Research had an average
k strength of 47,768 psi. One specimen, 2A04-031-A-l, had a

particularly lcw strength. Examination of the fracture faces of
this specimer zevea.ed debris and a significant deviation of the
-rack at the site of fracture initiation but no identifiable
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flaw was found. The result from this specimen was included in
the statistics. Various voids were found or, other specimens, but
they seemed to have little effect on strength. The largest of

these voids, 0.004-inch round, occurred on a specimen, 2A04-035-
A02, which had a strength of 53,300 psi. Average data from
Blanks 2A04-031 and 2A04-035 were compared. Average strengths
were almost identical, 47,802 psi and 47,737 psi, even though
density and sonic velocity were somewhat different.

: The average strenth of the specimens machined by Coors
using Southern Research procedures was 48,435 psi. The average
strength of specimens produced using ACMA Test No. 2 Machining
procedures was 47,615 psi. One specimen, 2A04-024-C04, had a
strength of 35,510 psi and a 0.003 x 0.004-inch void in the
fracture face which had been found in pre-evaluation inspection.
The strength of this specimen was excluded from all strength

statistics. Comparison of the average strengths of specimens
machined by Coors using Southern Research procedures and using
ACMA Test No. 2 machining procedures yields the inference that it
cannot be concluded that they differ. Comparisons among the aver-
age strengths of specimens from each of the blanks ignoring the
differences in machining procedures lead to the results that none
can be concluded to differ from the others Comparing the averageitcanno becnlddohttemaedfeen.Teeari aerg
strength of all specimens machined by Coors against that of the
specimens machined by Southern Research yields the inference that
it cannot be concluded that they are different. The averaae
density of specimens from Blank 2A04-028 was the lowest of the

three blanks and the average strength was the highest.

The specimens machined by R and W using Southern Research
procedures and using their own procedures had average strengths
of 45,431 psi and 44,864 psi, respectively. One specimen from
each group had a low strength and a severe void. Specimen 2A04-
R*W-S13 had a strength of 30,860 psi and a large irregular void
with a major dimension of 0.028 inch. Specimen 2A04-R*W-19 had
a strength of 39,900 psi and a void that appeared on the surface
to have dimensIons 0.005 x 0.008 inch 4t the chamfer. After
fracture, the void was revealed to continue at a low angle to the
surface and had a major dimension of 0.012 inch. The strength of
neither specimen was included in the strength statistics. Specimen
2A04-R*W-14 had a strength of 37,800 psi. Examination of the
fracture faces revealed debris and a significant deviation of the
crack at the site of fracture initiotion but no flaw could be
identified. The strength of this specimen was included in strength
statistics. Other specimens contained voids on their fracture
faces which were much less severe than those mentioned above. It
might be argued that Specimens 2A04-R*W-S06 and 2A04-R*W-18 should
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be excluded from strength statistics because of the voids on
their fracture faces. Their strengths, however, are close to
the average strength and their exclusion would have little effect
on the results.

Comparison of average strengths of specimens machined by
R and W using Southern Research prccedures and using their own
procedures shows that they cannot be concluded to differ. Com-
paring the average strength of all specimens machined by R and W
to that of all specimens machined by Coors yields the conclusion
that they are different. Comparison of the average strengths of
all specimens machined by R and W and those machined by Southern
Research leads to the conclusion that at a 90-percent confidence
level it can be stated that the strengths are different. This
latter result is not considered as significant as the conclusion
that R and W arid Coors specimen strengths are different. This one
is more significant because the same fired blanks provided
material for both machine shops. Perhaps the "se of downfeed and
crossfeed rates similar to those used by SoutheLu Research with

* the 100-grit diamond wheel are not suitable for use with the 320-
grit diamond wheel used by R and W. Comparison of the variances
of the strengths of all specimens machined by each of the three
machine shops leads to the conclusion that the variance for
specimens machined by R and W is significantly smaller also.

Plots of probability of fracture for the specimens machined
by each of the machine shops are shown in Figures 95, 96, and 97.
The curves were fitted to the data using the COV estimator. This
is another way of displaying the material variability. The
Weibull modulus, m, for the specimens machined by Southern Research,
Coors, and R and W were 14.269, 15.227, and 19.625 compared to
12.923 for the earlier macroflexure specimens.

There seemed to be a slight difference between the strengths
of materials from the center section and the ends of the 2A04
blanks. Specimens from the center section of Blanks 2A04-024,
-025, and -028 had anaverage strength of 49,050 psi. Specimens
from the ends of the same blanks machined by Coors had an average
strength of 48,025 psi. Specimens from the center section and
ends of Blanks 2A04-031 and -035 had average strengths of 50,045
psi and 47,740 psi, respectively. These differences were about as
expected from the strength-fired thickness relation of Figure 40.

The major result of this study is the conclusion that
machine shop procedures do make a significant difference in
strength results. The lower strength together with the lower vari-
ance of specimens machined by R and W are a strong indication that
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either the material they machined was different or some factor
in their machining practice masked both the inherent strength
and variability. The former seems unlikely since pieces from the
same blanks were also used by Coors. This is not to argue that
machining by Coors and Southern Research was not masking the
"true" strength and variability nor that their procedures were
the best that can be used. For this study, on this material,
less effect of "damage" (as measured by strength) was detected
for specimens machined by Coors and Southern Research.

Refired Specimens

Refiring has been proposed as a method of improving the
surface and near surface material which is very likely to be
damaged during specimen preparation. To study the effects of
refiring, macroflexure specimens were prepared from three 3A09
type blanks from the stock of "good" materials. These blanks were
3A09-081, 3A09-082, and 3A09-084. The cutting plan for these
b-anks is shown as Figure 10. The specimens were subjected to
nondestructive testing consisting of bulk density, sonic velocity,
X-ray, and 50X white light visual inspection. Of the 72 specimens
prepared, 50 were chosen as representative and shipped to Coors
for refiring according to the schedule shown in Figure 10.
Specimen groupings were randomly selected.

The specimens were refired by Coors under the following
conditions:

Hydrogen refire 15501C for 1 hour and 20 minutes

Oxygen (air) refire 1570*C for 1 hour and 10 minutes

Specimens were reinspected following the refire and the only
obvious changes were to the specimens refired in a hydrogen atmos-
phere. All these specimens were gray (as opposed to creamy white
for materials refired in oxygen or not refired). The gray color-

ation was generally uniform over the entire cross section on
fracture faces. The gray coloration was mottled in places on the
surface with lighter coloring and marked by small infrequent dark
spots. The dark spots were not associated with surface voids nor
were they later associated with fractures. Neither mottling nor
dark spots correlated with weak or strong specimens.

The results of the destructive flexural evaluations on the
refired specimens are shown in Table IXX. Control specimens which
were not refired were also evaluated and results are also in
Table IXX.
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Several of the specimens-had unusually low strengths.
The fracture faces of each of the low strength specimens were
inspected at 10X to 20X in white light. Only two specimens,
3A09-081-24A and 3A09-082-24A, showed significant flaws and
were excluded from strength statistics. One specimen, 3A09-
084-24A, was mapped prior to refiring to see if the fracture
path ran through or avoided surface flaws. This specimen had a
significant disparate, a 7.5-mil void (Figure 98), just outside
the region of high stress, but fractured at a 2 x 4-mil void
(Figure 99). Before and after fracture photomicrographs in
Figure 100 of Specimen 3A10-088-C12A, which had been evaluated
in the preliminary surface finish study, show that for this
specimen the fracture path did not include any of the surface
discontinuities.

Comparisons were made of the average strength of each cf
the refired specimen groups with the average strength of the
control specimens. The control specimens had an average flexural
strength of 47,712 psi. The average flexural strengths of the
lapped-hydrogen refired specimens, the hydrogen refired specimens,
and the oxygen refired specimens were 44,558 psi, 45,823 psi, and
44,452 psi, respectively. Only the strength of the oxygen refired
specimens was significantly different from that of the control
specimens. The actual decrease in average strength for each of
the refiring treatments and the fact that the only statistically
significant effect, the change in strength of the oxygen refired
specimens, was negative leads to the conclusion that refiring,
while not strongly detrimental, was definitely not benficial. It
was decided that the specimens to be lapped after refiring would
offer little additonal information and they were not evaluated.

Average flexural strengths were also compared among the
three different blanks ignoring possible refiring effects.
These comparisons gave mixed results. Only the comparison
between Blanks 3A-9-082 and 3A09-084 showed significantly differ-
ing strengths.

Figure 101 is a group photograph at 7.3X of fracture faces
of half of the specimens in each treatment group evaluated. The
specimens are arranged in descending order of strength in each
group. The lower edge of each fracture face is the tension side
of the specimen. Note the extensive crack branching apparent in
the stronger specimens, especially in the hydrogen refired speci-
mens. Crack branching left large chips and wedges which appear
much lighter colored where they reduce to very thin sections.
Note also the contrast between the rough, undulating surface of
the strong specimens and the flat, smooth surface of the weak
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specimens. The lapped-hydrogen refired specimens, however, are
smoother than the hydrogen refired specimens even though the
strength range is about the same. This was probably due to the
thinner cross section of these specimens. The thinner cross
section of the lapped-hydrogen refired specimens results in a
lower failing Icad at a given stress level and therefore a lower
strain energy available to propagate a crack. A lower strain
energy is also associated with the weaker specimens within a
given group.

Average grain size was determined for one specimen from
Blank 3A09-084 from each of the refired groups. The average

grain sizes were 3.9 pm, 3.8 pm, 3.9 pm, and 3.8 pm for no treat-
ment, the lapped-hydrogen refired, hydrogen refired, and the
oxygen refired specimens, respectively. These values of average
grain size also agree with the overall average grain size, 3.7 pm,
from good blanks previously evaluated. The lack of a change in
grain size from no treatment to refired and the good agreement
with previous data indicate that the Coors refiring had no
detectable effect on grain size.

In addition to grain size determinations, the refired sur-
faces of the same specimens as above were examined by electron
microscopy using single stage replicas. The ground surface of
the specimen wi-:h no treatment, Figure 102, was very similar to
ground surfaces examined in prior work, Figure 90. Material
removal occurred primarily by intergranular fracture. Few areas
showed transgranular fracture or true cutting action, There was
considerable evidence of insecurely held grains at the ground
surface. These grains were pulled out by replica removal and
appeared as black grain-shaped areas in the photomicrograph.
Microstructure which may be interpreted as surface cracks also
appeared. Had the refiring made a significant improvement in the
bonds around a number of these loose grains and "surface cracks" ,
a significant improvement in strength should have been detected.

The specimens refired by Coors showed no change in grain
structure with respect to grain size and distribution-compare (
Figure 102 with Figures 103, 104, and 105. The structure con-
sisted of larger grains (10-20 Vm) in a matrix of smaller
grains (1-3 pm). As expected, considerable thermal faceting
took place. Little material was transported thermally and this
was predominantly at grain intersections. This material transport
at grain intersections appeared as a good thermal etch. No evi-
dence of surface cracks could be found on the refired surfaces.
The thermal etch may have masked such cracks.
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ENVIRONMENT STUDY

The strength of alumina has been shown to be affected by
the presence of water.6 An environment study was run to gain
some insight into the extent of changes in average strength
which could be attributed to differences in relative humidity
at different laboratories which might evaluate this particular
alumina. The remaining portions of Blank 2A10-087 were utilized
for this study. Twenty-six macroflexure specimens had been
previously evaluated from this blank. Eighty macroflexure speci-
mens were machined from the remaining portions of this blank as
shown in the cutting plan, Figure 14. The macroflexure specimen
is shown in Figure 1. The specimens were evaluated nondestruc-
tively prior to environmental treatments and destructive evalua-
tions. The nondestructive evaluations consisted of bulk density
and sonic velocity. Three different treatments were to be
applied before destructive flexure evaluations. A random order
computer program was used to select twenty specimens each for
the three different treatments. Sixty of the eighty specimens
were evaluated.

All sixty specimens were dried at 1800OF at a pressure of
2.1 Um of mercury for two hours in a graphite resistance furnace.
The furnace had been baked out at 2700°F for 1-1/2 hours to
remove volatiles prior to the vacuum drying cycle. All sixty of
the specimens exhibited a dark gray coloration on removal from
the vacuum furnace. This was surprising since other alumina
specimens had also been vacuum dried in this same furnace without
any visible changes. It was decided at this time to split the
twenty specimens originally scheduled to be held at room condi-
tions into two groups of ten each. The first ten were ultra-
sonically cleaned and then oven dried. The second ten were held
as originally planned- The treatments for the remaining 40 speci-
mens were carried out as planned and described below.

The ten specimens ultrasonically cleaned showed a decrease
in the gray coloring, but did not return to the original creamy
white appearance. Subsequent examination of fracture faces of
broken specimen showed the coloring extended beyond the surface
in only a few isolated places on each specimen. The places where
the color extended below the surface could be interpreted as
either porous areas or voids. This interpretation made the search
of fracture faces ior flaws much easier than searches on non-
colored specimens had been. It was feared that the discoloration,
or its cause, would have a negative effect on strength. This
occurrence was common to all specimens and should not invalidate
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comparisons among the specimen treatments. Descriptions of the
four treatments after the vacuum drying cycle follow in the para-
graphs below.

After vacuum drying, the first group (twenty specimens)
was stored in a dry desiccator for two weeks before flexure eval-
uations. A dish of phosphorus pentoxide was used as a desiccant.
Specimens were stored in individual glass beakers and physically
separated from the dessicant by a ceramic rack. As a worst case,
the relative humidity inside the desiccator should have been no
higher than 0.2 percent. All specimens were removed from the
desiccator and sealed in a plastic bubble enclosure which con-
tained the flexure apparatus and loading mechanism. The enclosure
was purged with dry nitrogen gas and a small positive pressure
was maintained throughout the evaluations to prevent infiltration
of moist atmospheric air. The specimens were loaded into the
flexure apparatus using gloves built into the wall of the
enclosure.

After vacuum drying, the second group (twenty specimens)
was stored for two weeks in a desiccator at room temperature and
100 percent relative humidity. The specimens were in individual
glass beakers and physically separated from the water and wicking.
No attempt was made to prevent or cause moisture to condense on
the specimens. No visible moisture was found on the specimens or
beakers during the flexure evaluations. The specimens were
removed from the desiccator one at a time and evaluated in the
flexure apparatus.

After vacuum drying, the third group (ten specimens) was

cleaned in an ultrasonic cleaner and oven dried at 235 0F overnight
before flexure evaluation. Cleaning and oven drying is the pro-
cedure which has been used on all other specimens evaluated at
Southern Research.

The fourth group (ten specimens) after vacu'um drying was
stored at room conditions for two weeks. During this interval,
the relative humidity in the laboratory remained fairly constant
at about 60 percent. The specimens were then destructively
evaluated in flexure.

k The results of the flexure evaluations are shown in Table

XX and statistical comparisons are shown in Table XXI. Previous
evaluations on specimens from this blank, 3AI0-087, gave an
average strength of 47,890 psi. The average strengths for this
study were 50,798 psi, 46,230 psi, 44,359 psi, and 45,074 psi for
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the specimens evaluated dry, stored at 100 percent relative
humidity, ultrasonically cleaned, and stored at room conditions,
respectively.

Statistically, no differences were detected among the
average strengths of the specimens stored at room conditions,
those ultrasonically cleaned and those stored at 100 percent
relative humidity even when the first two are lumped together.
From these results, one could conclude that the usual laboratory
procedure of ultrasonic cleaning followed by oven drying was
neither harmful nor beneficial.

Comparing the results of previous evaluations to those for
ultrasonically cleaned specimens, room conditioned specimens,
and 100 percent relative humidity conditioned specimens gave mixed
results. The average strengths of specimens ultrasonically
cleaned and those stored at room conditions gave strong indications
tha4t they were weaker than those of previous evaluations. The& indication for the 100 percent relative humidity conditioned
specimens was not quite strong enough for a decision at the 90
percent confidence level. The conclusion is that either the
vacuum drying cycle used in this study or the vacuum drying plus

j subsequent exposure to moisture had a detrimental effect on
strength. The mechanism which caused the effect is unknown.

The average strength of the specimens vacuum dried and
evaluated dry was significantly higher than those for each of the
other treatments run on specimens from Blank 3A10-087. This was
true in spite of the apparent deterimental effect that the vacuum
drying had on the specimens with other treatments. More work is
needed in this area to define the relation between strength and
relative humidity conditioning in the range of 60 percent to -0
percent humidity.

Elimination of laboratory condition effects from results of
evaluations from different laboratories and different testing
methods could be more reliably handled if all specimens were con-
ditioned in the same manner rather than relying on computed
corrections from a regression analysis.

The unexpected discoloration of the specimens during the
vacuum drying cycle had one beneficial result. Inspection of
fracture faces for flaws, discontinuities, etc., was greatly
aided. Areas which were interpreted as porous regions became
visible which had been at best only vaguely seen on other speci-
mens. The results of the flaw search are shown in the remarks
column of Table 20. A plot of flexure strength versus the average

70



size of the flaw on the fracture face is shown as Figure 106.
Flaws seemed to occur singly, that is, no more than one flaw was
found on a given fracture face. Separate regressions were
fitted to the data for dry specimens and those exposed to mois-
ture of any extent. Specimens without detectable flaws were
plotted at flaw size of zero. Those porous areas too vague to
measure were assigned a flaw size of 0.002 inch. Statistical
parameters infer that the slopes of both regression lines are
significant, that is, the slopes of the "true" relationships are
not likely to be zero. No great significance is attached to
these findings, however. Each specimen had several flaws on the
tensile surface that appeared to be of about equal size and
severity as those detected on fracture faces. What was detected
was probably the "background" voids and porous areas for this
blank. Though an apparent relation exists, present inspection
techniques would need to be greatly improved to reliably detect
flaws in this size range.r ~ LOT TO LOT REPRODUCIBILITY AND UPGRADING STUDY

During the initial phases of this program, Coors produced
a number of specimen blanks in a very wide range of sizes and/or
shapes. The majority of these specimens had properties measured
by small macrotensile and macroflexure specimens which fell
within a narrow range and seemed well suited for the intent of
the program-to provide quantitative comparisons of test methods.
The two blank shapes with the largest cross section seemed to
differ most from the majority. Blanks 4All had lower strength
and lower density than the majority while Blanks 5A13 had lower
strength and slightly lower density. Blanks 2A12 with fairly
large fired cross section had slightly low strength and low
density. In a study of porosity features, these three blank types
showed higher porosity and larger maximum pore size. it was felt,
however, that it should be well within the capability of a joint
effort of Coors and Southern Research to upgrade these three blank
types to the properties demonstrated by the other ten blank types.

As an effort to demonstrate the upgrading of the three
somewhat deficient blanks, two each of Blanks 4All and 5A13 were
to be produced by Coors. These two, if successful, should be
adequate proof that the less deficient 2A12 blank could be
upgraded also. To demonstrate lot to lot reproducibility, at
least five 2A7 blanks and two 3A09 blanks were to be produced.
To provide in one piece of uniform material an adequate source
of specimens for studies of secondary finishing techniques and
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requirements, one 3A10 blank was to be produced. As an exercise
to see if near-shapes for macro specimens could be developed,
sixty specimens fired to near size and shape of the MOR macro
specimens. The reasoning for this final exercise was that
machining in the green state is much easier than machining in the
fired state. If tiie extra handling required of the larger number
of green pieces were cheaper than the extra cost of machining
fired pieces, a net saving would result.

Firing analysis data for altu.ina blanks from the reproduci-
bility and upgrading study are shown in Table XXII. These blanks
were fired by Coors at intervals from October 16, 1970, to May 1,
1971.

It became obvious quite early that the MOR bars would be
difficult to produce. The first bars produced had cambers of up
to 0.022 inch with an average of about 0.002 inch. A second
firing on grooved refractories to minimize the distortion resulted
in a maximum camber of 0.004 inch and an average camber of less
than 0.002 inch. A total of eighty of these MOR bars were
received at Southern Research. Thirty-five of the MOR bars were
fired as-pressed. The remaining forty-five MOR bars had 0.002
inch of material removed from all surfaces prior to firing. Two
or three specimens were selected from each group of (1) as-pressed
surface, first firing, (2) green machined, first firing, (3) as-
pressed, second firing, and (4) green machined, second firing.
The results from flexural evaluations on these specimens are shown in

a Table XXIII. These specimens had the very disappointing strengths
of 31,084 psi, 39,299 psi, 32,608 psi, and 40,870 psi in the same
order as the groups listed above. Note that green machining
seemed to raise the strength in both cases when compared to firing
a piece that had not been green a.achined. An additional ten
specimens were evaluated later from which a minimum of 0.005 inch
was removed frcm all surfaces after firing. The results from
flexural evaluations on these specimens are also shown in Table
23. The average strengths of these specimens were dramatically
greater than those with as-fired surfaces above. The average
strengths were 49,925 psi, 48,490 psi, 45,216 psi, and 46,816 psi
for the as-pressed first firing, green machined first firing, as-
pressed second firing, and green machined second firing specimens,
respectively. Thus, machining after firing wiped out the effect
of machining in the green state, but allowed the effect of
different firings to be seen. These last two strengths are sLg-
nificantly lower than the average strength of "good" specimens
machined from the earlier pieces made in the production control
study of this program. Specimen MOR-129-88, from the second
firing of specimens with as-pressed surface, had an average grain
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size of 5.2 pm; specimen MOR-132-61, an as-pressed specimen from
the first firing,which had had the as-fired surface machined
away, also had an avera grain size of 5.2 pm. The extraaway grainage
handling required to manufacture these specimens, the fact that
their propertities were not yet representative of "good ' material,
and the fact that the slicing .operation in machining macro speci-
mens from larger pieces was not the largest expense of providing
macro specimens all combined to make the further pursuit of this
experiment perhaps unattractive.

The materials for the lot to lot reproducibility and
upgrading demonstration were received at Southern Research in

December of 1970. The parts received and firing analysis data are
shown in Table XXII. Four macroflexure specimens were extracted
from Blank 2A07-117. Jive specimens each were taken from Blanks
3A09-120, 4A11-125, and 5A13-127. Cutting plans for these blanks
are shown as Figures 7, 11, 18, and 21. The average strengths,
shown in Table XXIV, were 42,176 psi, 44,974 psi, 42,006 psi, and
40,944 psi for the 2A07, 3A09, 4A11, ana 5A13 blanks, respec-
tively. These contrasted with the overall average of 48,290 psi
and blank type averages of 49,010 psi, 48,283 psi, 44,320 psi,
and 44,650 psi for the same type blanks, evaluated earlier in
this program. Thus, all blanks made in the effort to raise their
strength or demonstrate lot to lot reproducibility were weaker.

Early in the program, tentative specifications were
suggested for density and average grain size which should hold
average strength to certain limits. The suggested density limits
were 3.80 to 3.84 gm/cm 3 and average grain size limits were 2 to
5 pi. It was thought that the limitations on densLty and grain
size, together with certain controls on fired thickness, other
firing parameters, and the production figare of merit (a qualita-
tive variable concerned with the ratio of pressing area to
pressing volume; should limit average strength to the range of
46,000 psi to 51,000 psi. Table 22 shows that the later 2A07
blank had a density of 3.801 gm/cm 3 and an average grain size of
4.2 pim, which were within the tentative specifications, but
still did not come within the desired strength range. The 3A09
blank had an average grain size of 5.5 pim and a density of 3.810
gm/cm 3. This density was within the tentative specification,
but grain size was large. The density of the 4All blank was
3.735 gm/cm 3 with an average grain size of 3.7 pim. This density
was low and the grain size was within the tentative specification.
The 5A13 blank had a density of 3.766 gm/cm 3, which was below the
tentative specification, and an average grain size of 4.7 pm,
which was within but on the high side of the tentative specifica-
tion. With the exception of the 2A07 blank, the above data



indicate that there were explanations for most of the strength
data being low.

A significant difference in appearance was visible from
the core material to the outer 0.10 inch of material on the 4A11
blank. The one macro specimen from this outer material also had
a significantly higher density than the other macro specimens.

In addition to the above, Table XXII also shows that the
blanks evaluated had low green densities compared to the accept-

4able parts produced earlier in the program. For instance, the
2A07 blanks produced earlier in the program had a green density
of 2.59 to 2.61 gm/cm 3 while the 2A07 blank evaluated from the
December, 1970, shipment had a green density of 2.51 gm/cm3. The
firing parameters indicate that the December, 1970, 3A09 and 5A13
blanks were fired to greater cone deformations than the earlier
blanks. The higher firing and lower green density should have
had offsetting effects on fired density and this was borne out by
the fired density data. However, the average grain size was
greater than for earlier 3A09 and 5A13 blanks. The 2A07 blanks
from the December, 1970, shipment were fired slightly higher than
earlier 2A07 blanks, but this was not sufficient to offset the
lower green density. The net results were lowei fired density
and greater average grain size. Firing data were- not available
for the earlier 4All blanks, therefore, no comparisons can be
made for the 4A11 blanks from the December, 1970, shipment.

Since lower green density seemed to be contributing to the
problems encountered, Coors then attacked this problem. All
parts had been pressed to the same pressure, 30,000 psi, but still
gave lower green densities. Tooling, pressure, and the alumina body
(XAD997A) were all identical to those used earlier. The one possi-
bility of a change was that the binder used in the alumina body
had aged in the three years since the earlier blanks were produced.
In an effort to improve the flow properties, moisture content
control, heating, or both were tried with only modest suczess.
One effort which seemed to work was mixing two parts of another
body, PS-144-1, with three parts of the original body, XAD997A.
The PS-144-1 alumina body was made from identical powder but used
a different binder. Blanks 2A07 and 3A09, produced from this mix-

4 ture, XAD997B, and received in March, 1971, were within the density,
grain size, and strength limits.

The average strength of the March 2A07 blanks, 2A07-140,
V -141, and -142, was 48,188 3si, Table 24. The average density and

grain size were 3.802 gm/cm and 3.5 pm, respectively. The sur-
prising fact was that they were fired to only Cone 31 at 1:00 to
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6:00. The March 3A09 (3A09-144) blank had an average strength of
48,572 psi. Its average grain size and density were 3.7 pm and
3.832 gm/cm3 , respectively. This piece was fired to Cone 31 at
5:30. These pieces provided promise that modifying the powder
mix would solve the problem by permitting improved green densities.

Coors continued efforts in the same direction, producing
in April and May, 1971, additional A13 blanks from mixtures of
bodies of XAD997A, PS-144-I, and PS-176-5 in various proportions.
Those blanks evaluated (5A13-149, 5A13-151, 5A13-152, and 5A13-
153) all fell outside the specificaion limits. The average
strengths of these blanks were 42,301 psi, 46,321 psi, 42,491 psi,
and 40,288 psi in the same order as above. Blank 5A13-151 had an
acceptable strength, but was unlike other blanks in that its
fired density was 3.885 gm/cm3. Thus, this last effort did not
provide reproducibility for the larger of the blanks, nor did they
match the population of the other shapes.

REGRESSION ANALYSIS

The data from the final shipments of blanks presented aconfusing picture. Wide variations in strength, fired density,

grain size, green density, firing parameters, etc., were included.
Attempts at explaining differences in strength data by use of
strength-porosity relations or strength-grain size relations were
helpful, but still left questions of interpretation of the plots.
Simultaneous regressions of strength on grain size and porosity
were more useful.

Data used for this regression analysis are shown in Table
XXV. The strength and density are average data for many macro-
flexure specimens. Most grain size d~ta were measured on a single
macro specimen in a given group and these data are assumed to
apply to all in a given group. Where only singleton grain size
data were available for several blanks within a blank type, the
blank is identified with the blank type without an item nuber.

Several different eauations were tried which related
strength to grain size and porosity. The equation form proposed
by Passmore, Spriggs, and Vasilos

7

= AeBP GC+DP
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where

a = flexure strength

P = volume fracture porosity

G = mean grainsize

e = base for natural logarithm

A, B, C, and D - empirical constants

was rejected for the simpler equation form proposed by Knudsen8

BP C
a= Ae G

The additional factor in the first relation does not, for these
data, represent an improvement in the goodness of fit.

The first observation about the data is that the blanks
5A13-151, -152, and -153 seem unlike the remainder of the blanks
even when they are included in the data used to define the
regression. (Data fkom these blanks were not used in the final
regression analysis.) The decision to exclude these points from
the regression analysis seems justified on the fact that the
aluminabodies from which these blanks were presssed are quite
unlike the original alumina body, XAD997A. An argument could
also be advanced that all blanks pressed from the alumina body
XAD997B should also be excluded since XAD997B was not identical
with XAD997A. Similar arguments could be made against the high
fired blanks, the double fired blanks, and the MOR bars, but all
XAD997B and blanks fired differently were included in the regres-
sion analysis. There is no reason to believe that a single
universal regression applies to all these data, but the real
strength of this analysis is that it seemed to work in spite of
the wide variation in processing parameters.

The regression relation which gave the best fit was

a= 89026.Exp_8.48264P]G-o. 19 282

This regression was derived using all the data from Table xxv
with the exception of data from Blanks 5A13-151, -152, and -153.
The regression relation is presented in two different forms. The
first, Figure 107, is a three dimensional plot of the regression
surface and all individual data points including the three which
were not used to define the surface. The individual data points
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are connected by vertical straight lines to their projections
' on the regression surface. The lengths of these vertical lines

represent the doviations of the individual data points from the
i regression surface.

The second presentation of the same data is shown in
Figures 108 and 109. The first of these figures shows the inter-
section of the regression surface with the plane G = 3.7 pm.
Individual data points which have been normalized to a comimon
grain size of 3.7 Um are shown about the curve of the inter-

S section. A way of visualizing this plot is as the distribution
of data points one would see if he were an observer on the plane
G = 3.7 pm and could look only along curved lines parallel to the
regression surface and normal to the G = 3.7 um plane. The
second figure is the intersection of the regress-ion surface with
the plane P = 0.0451 and individual data points normalized tothis plane. From this second figure, it is quite apparent that
Blanks 5A13-151, -152, and -153 are not from the same population
as the remaining blanks.

Some prelimsnary work by Coors early in this program showed
a nonlinear inratase in grain size with decreasing green density
for a given thermal input. Since fired density is directly
related to green density and to thermal input, and grain size is
directly related to thermal input, but inversely related to green
density, green density offers a tool which may control to some
extent the resulting microstructure of parts made from this
alumina.

Figure 110 is a plot of strength normalized to common grain
size and porosity of 3.7 pm and 0.0451, respectively, plotted
against green density. This plot also shows the nonagreement
between 5A13-151, -152 and -153, and the remaining data points.
This figure demonstrates an apparent residual relation between
strength and green density after allowing for grain size and
porosity. The word apparent was used above since it is not cer-
tain that the strength-green density relation is a direct relation
or the result of other parameters or interrelationships not con-
sidered in this analysis. Additional study in this area would be
necessary to resolve the problem. The relation, if real, would
give both another parameter to be controlled and a tool whicn
could allow control of microstructure and therefore strength.

Figure 110 also shows the range of "corrected" strengths
for these probably diverse populations. The s[,read is from
43,203 psi to 51,733 psi, a range of 8,530 psi.
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CONCLUSIONS

Material Descri,ption and Deviations

1. Typical average grain size for this alumina was 3.6
microns with a maximum grain size of 15-25 microns. Specimens
intentionally fired to a higher temperature had an average grain
size of about 7.0 microns with a maximum grain size of 30-35
microns. Within a given large blank, average grain size was
reasonably uniform,typically ranging from 3.4 to 4.0 microns.
Among the blanks evaluated, grain size was reasonably reproducible.

2. A second phase other than alumina was observed as
discrete grains similar in size to the alumina grains, but was
prismatic in shape as opposed to the equiaxed shape expected of
alumina. About six volume percent of this phase was present,
having an average size of 2 microns. This material was uniformly
present in most specimens examined. Only a few of those blanks
with nonstandard firing or made from a different alumina body
showed a lack of the second phase near the fired surface of the
blank.

3. The average pore size was 1.3 microns with a maximum
size of 50 microns. The maximum pore size is open to debate.
Enlarging of existing voids due to rounding of void edges during
polishing is apparent in photomicrographs. The area surveyed
was small compared to the surface area of macro specimens. Low
power surveys of the tensile faces of macroflexure specimens
discovered voids of 50-300 microns maximum dimension.

Typical porosity values based on bulk density ranged from
3.8 to 4.7 percent. Porosities of Blanks 4Al, 2A12, and 5A13
were different from those of other blanks, ranging from 4.8 to
5.4 percent. Reproducibility of porosity between blanks other
than 4All, 2A12, and 5A13 was good.

4. The predominant fracture mode for all specimens
examined was intergranular. Up to about 20 percent transgranular
fracture was noted. In all cases, the stronger specimens had
higher percentages of transgranular fracture regardless of
density level.

v 5. The average tensile strength was 46,300 psi and the
average flexure streagth was 48,290 psi. Strengths of 4011 and
5A13 blanks were low compared to the average strengths. J nsile
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strenath, of 2A05 blanks were low probably due to one very low
strength specimen. Flexural results disagreed with tensile
results on 2A05 blanks.

6. Regression analyses for grain size and porosity tended
to normalize strengths to a tighter range.

7. A much tighter fit to a regression of strength on
porosity and grain size would be obtained if the factors green
density, cone deformation,, fired thickness, etc., were varied
in a more controlled manner. Green density could be a major
parameter aq~tually related to the structure of the material since
the physical events related to compacting the powders could "wipe"
the interfaces and influence diffusion processes and impurity
location, such as- glassy phases in the grain boundaries. Even
fired thickness could have a similar affect by influencing inter-
nal firing rates and thus diffusion rates and grain boundary
composition plus residual stresses.

Strength Correlations

8. Porosity and grain size cotrelate to average strength
and seem to control over other parameters,

9. Green density may correlate to strenth after allow-
ances for porosity and grain size.

10. Fired thickness seems to correlate to average strength
even for areas of different thickness within a given item and
when microstructures seem similar.

11. Weibull statistics may be used to quantitatively pre-
dict flexural performance from tensiLle results, but only within
perhaps one decade on volume. Weibull. does not quantitatively
predict strengths over several orders of magnitude on volume.
'Volume affects seem to predominate over area affects.

12. Small ranges in "good" surface finish generated after
firing had little effect on strength. Presui,.bly, rough surfaces
would have reduced strength as was the case for "sliced" finishes.
As-fired pieces were not stronger and their strength depended on
green-state finish.

13. Subsurface damage may normalize strength of specimens.
The competing theory is that inherent or volume flaws are exposed
by fine polishing and "set" the strength.

14. Environmental conditioning of all specimens is required
to assure that extremes of relative humidity do not affect results,
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15. Refiring of specimens in a manner which does not
increase average grain size had negligible effect on strength.

16. Higher firing temperatures yield higher fired densi-
ties, but the increasc in strength due to higher density is
-offset by the decrease in strength due to the accompanying
increase in average grainsize.

17. Statistically larger disparate pores on the faces of
the flexural specimens reduced strehgth.

General

18. Coors can reproduce all blanks other than 4A11, 2A12,
and 5A13 provided a fresh batch of the XAD997A alumina body is
prepared and used. There are reasons to suspect that 4A1i and
2A12 can be brought into the population.

RECOMMENDATIONS

The comparison of test methods for brittle materials must
be done if brittle materials are to go into widespread use.
A material which will behave in a predictable manner from one
shape to another and from item to item of the same shape will be
an essential part of such a program. This alumina has not yet
shown the desired predictability, but offers by far the best
hope of meeting that goal. It is felt that part of the problem
in obtaining this predictable material was too rigid an adherence
to "production procedures" before the properties which must be
controlled were properly defined. An example of this is the use
Q.f a fixed pressing pressure of 30,000 psi. A better control
would probably have been pressing to a certain green density for
a particular shape. The green density for each shape would
depend on the fired thickness (or area or volume) of this shape
and the controls on cone deformation.

It is recommended that:

(1) this program be resumed
(2) Coors Porcelain Company and their XAD997A alumina be

the producer and material used in this continuation

(3) some consideration be given to defining the effects
of green density and firing parameters on the
properties of shapes of differing sizes

(4) investigation of parameters which would tighten the
relation between strength, grain size, porosity, and
other factors be included

(5) an extensive fractology study of the specimens be
conducted.
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Figure 3. Configuration of Specimen Blanks lA02 as received from Coors
and Cutting Plan for Removing Phase I Tensile and Flexuralf Spicimens
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A Surface Finish Study, Specimen Groupings

- -- Lapped Prior Lapped after Not

- - to Refire Refire. Lapped
0.190:010C 1A901lA 30-8-13A09-081-14C 3A09-081-13A 3A09-081-21C

2, Numbered End of Bar ) -3A09-081-24A 3A09-061-I3B 3A09-081-23B
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0 3A09-084-llA 3A09-084-13C
3AO9-084-21B 3A09-084-143
3A09-084-22C 3A09-084-24B

Figure 10. Cutting Plan -Specimen Blanks 3A09-081,
3A09-082, and 3A09-084
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Macro Flexural
Specimen Dimensions
0.100 x 0.200 x 2.000 inches

: 2.000"

! i 0. 315"1

Figure 11. Cutting Plan - Specimen Blanks 3A09-120 and 3A09-144
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Cutting Plan for

Scrap "A" and "D".

3A10-087-A4

Cutting Plan for
Scrap "B" and "C".
See Figure 13

Figure 14. Cutting Plan -Scrap from 3A10-087
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Figure 18. Cutting Plan -Blank 4A11-125
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Figure 19. Configuration of Specimen Blanks 2A12 as Received
from Coors and Cutting Plan for Removing Phase I
Macro Tensile and Macro Flexural Specimens
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Figure 20,. Configuration of Specimen Blank 5A13 as Received from
Coors and Cutting Plan for Removing. Phase I Tensile and
Flexural Specimens from Blanks 5A13-101, -102, and -103
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Figure 21. Cutting Plan -Blank 5A13-127 and 5A13-148
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Figure 22. Cutting Plan - Blanks 5A13-149, 5A13-151, 5A13-152,
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103



1---1.928+0.030 --
1--2. 274+0..032

+

6A14-104 6A14-106

Figure 23. Configuration of Specimen Blanks 6A14 as Received
from Coors and Cutting Plan for Removing Phase I
Macro Tensile and Macro Flexural Specimens from
Blanks 6A14-104 and 6A14-106

104



2.27+0103
Kr
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Figure 25. Configuration of Blank -135 as Received from Coors
and Cutting Plan for Macroflexure Specimens

106



I= C=' 471
t c3 fa

09-

0 0

0w

0 0)

*( 0

10)

440

014

1.07



1.050"..

L.lE o0.o200"---- -----I
__k _-_-

2.000"

3.0"

~~Reference

' !.__200" Typ.

t +
0.08" Typ.

Cutting ,Allowance

L-- L--
13 1

Figure 27. Cutting Plan for Ends of Blanks 3A05-024, 3A05-025,
3A05-028, 3A05-031, and 3A05-035 Used for Machining study

108

I [. . . .....



000

-- U vi) a

rit

C) P

II C)
all1l1

uTTO,

_0 ii

100



Specimen No. 47 2T'
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SFigure 29. Photograph of Macro Tensile Specimen
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Figure 30. Picture of a Tensile Stress-Strain Facility
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Figure 31. Schematic of the Gas Bearings and Load Train
for the Tensile Apparatus
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Figure 32. Precision Collet Grip for Tensile Specimens 2:1 Scale

113



~12

F9gr 3 ceatco iitr Flexural Spaeri en

114



PLAN, VIEW Number ofPTensile and/or
Flex:ural Specimens Removed

MELh from Blanks Fired ini the Bung

7,4

Front 8, 1'02 - 2"Rear

- 13 - T 9T -7-T

Front --- 41 I- F 15 O
2'dl -4l Rea

FrLeft

115 1



~44-- 44.

w~ iN

a b

v**

Ile

C d

Figur 35 htoirgapso heMcotrcueReutn

fro Eac Stpo hADepLpTrcdr

':4 4116



A'

W ,W

~wy Ix~

7.;!

e f

*Fiducial bar equals 20 microns
a - after surface grinding

Sb - after 45 micron lapping
<e-* $' ~ ~~c -after 30 micron lapping

'-. d -after 15 micron lapping
Se -after 6 micron lapping

£- -r* afe?3mcrnlapn
f after 3 micron lapping

Mv

Fiur 35 (Cntnud aht cogah fther moscre Resuptin

111



V / ~N.

7.,

K

0Z 1 5g

win iv h~9

Z~

a* b

*Fiducia1 bar equals 20 microns

Figure 36. Maximum "Pore Size" Observed after Completion of the
''Deep Lap" Procedure

Rag,

*1 )0'- av,

I-i

Figure 37. Final Microstructure after Completion of the Conventional
Polishing Technique including the Use of 30-and 15-Micron
Diamond Pastes

118



_r - 53

A #'4 " 4 : ;" 'Z "' ; :' . 4 .rp : ;" +:'? '4 "- .. . .. .:,." .s,... -''"'.:.>

II

" .,- %z. . .. * .-. . . ? Fid cia bar'equals 20; )irons

i I

F. ostructue afterProgresive S

a b

'44,

A'A

4 'Using the 'rocedure with w 'i et

}~ after 30z microeent polisliheh

X, 'e afe 14irnpls

Figue 3. Mirsrutr afe PrgesieStgs fPlihn

Usn th Procdur wit whc Specimens. Selected for' '~

Grai Siz Meaureent Wer Polished .2 ''

1 '1



. . ...

t: 2 j7 -- d.-K

4. 7 -7

7 0 -LI

Tot 30 35ue 3404
AvFractur Strength in, 10 psi

Figur e n Disriution of 5 therlenua treghfteMar pcmn
5,0

212
5E,



1 7.

, OD

410 

-0 -0

.2d tojt~u~~ ~xI
121 - - - - -



7:-' 71C(

a)

0a4

Cl) O

aj

in

_7 0

IT 4J

:TLELTa)

H

41 44 4-4
-- ~~ ------ CL

122



77
44F

4lit

j1T F

->:- V. iihi',tv11-2- :r
I~0 ttI

IiL

0f 04

123



rC

Cd

CdH'Ii ll Hjill I I

Cd

4= 
fil l

U

cd

I f I t 1 1 " Al l
:T ...... .... .0

112



CL.

. . ... .. 0 .a C?~

IcJ

S0 - 0
ull Cq

00

t"~ t?0q.wC

125C;C (



/ '0

C0 Q 0 a 0 C0 o co

00 30004V 0 0000 0e v omt
00~ v 0O L- V r4 W 0

to L- coo ID ,..4 v~-4 O~~ o4 r- -

-4 -4~. 0000 C C00 0 C- C)

0 %o

c) I f
U) -

0

0 co41o

0 ti tp4

4

0 0 000 0 041I o 0 C

tow 13cm~ V -1 0t - 9L -
~41 4 0 c074toE 4 T44

Col. 0 q 0w m t-a m0 r
ulp pe4

(n "q s V) V t

126C



HI

-ti

41)

44:

434

1400

V0

I

1271 4



1A-

41'4

7C

to t2
Of

4.14

o 4.i
C4 0I

0

41 -' 1 If

t+0

0z

:4:

(Isi) an~dnU jo snpipoIj

128



0 U CV) mX 11"a CVt ,-4 m I
coco cco co co co co co co cc
01) mV co) C) CV) mV Cv; CV)

41

V lT41. 404 V4 C* 0 cq I )'

m cqcc m C4 co Fcccc cc

V-4 C9c

0
:03

C. 
C

u In
o Cl

o o Io P

Z.o1u'L0 00

CVa)

00

00

4L

U0~J~A
N CU3A SU-IM j o

ce) eocq Cficl129ul nOv v/ .1



ICU)I

0 0
.4 14
V V
.,

tA l

C4

44

44

o f f

130H



co

IlaI
T0

co) 41

"Fj

- - -- -- 43 4
- - - -- - -

o- IN

- - - - - - - - --

EMM ~ ~ ~ ~ ~ ~ ~ .- ------
T0

to

S 4

- -- -- - - - - -

too U-j
00 c0

ML

131



C11 coqm co 0t~ -0 4-

mcoco co t-o co O
E- H-L -t-E t

odc

I / U)

-4 /

.4.4 C, C4 /4C 4 4

r -4 1 o C

0o c ot I:-

44S

eq 0

Pr41311
. 44



4~

4

:jTo 04

i.- I r 1
I I4

o9 co
j~jqq Nina

133



C*

-Trm -7 ------ 4.

rh0

- -- - -- ---

TV T I It 113

i t I I I I

-L 1 -4-

$4

T- --- I

- - - - - -I - - - - - - - - -

0 4

1. 34



T lt 1
-9 T1 o

-T- I T

- - - - - - - - - -- ----

W At4--:- .- 0

If 4

if r7j lb
-# -------- --- - .. .. ..
- ~~~ ~ ~ ~ c . .- -- -I -IC

Ifo

- - -- - - --- -0

lal

In

lad UT ul tUftoal jT3Jnxaj. abuiiAV~

135



1<h

if, ,.' .

* ~it .1

* .. 4

~r 400

IVV
~ . ft .... * ~.~44

t, r14

j ~ I'

-ft -

4 D4

ft136



in)

47to

Al)

114

-H

H1

poo

4C;

44

137



,.._, I

4

.~

4-t

M rq

00 0
A y. ',

4...4

404

* .v~138



L?

4 Z~

Ye~ , 1v "' .v.*
4~ 2

IL.

vt lr,* t WO

t'2a

4X

1390



4 
04

3r 4' -,r

.~%4 r~.

it

- ~ Mr-

vlX#
'N -

'07 :< ,:~g

I A-1'-

W,

140~

~6 LIM



A-q4

4

~ ~4J

' '.~ ~ , Al

-,a .''~'- N 4

. ~ ~ a~-a ,-, ~ '~'-' a-OD

~ a,~ -4

'~'~' ait

~ . ..
31

to

141''



V.O

e'-> AA.

taa)

AK-; tfl04

-,~' . ~A .. -

Arr~V~Thz7.A' 7
- 'C ... A~N ~44

IPI ti-\ L.-

-H

1424



Figure 62a

z.C. Tensile Specimen 5AI3-lOJ.-4T
Transverse Section at Fracture,
as Polished, 50X

_ _ a PolihedFigure 62b

TenileSpecimen 2A12-095-3T
TrasveseSection at Fracture,
as Plised,50X
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Figure 63a

.;. ~Tensile Specimen 2A05-047-2T

~ as Polished, 50X

Figure 63b

~Tensile Specimen 2A05-047-lT
~ '~ ~Transverse Section at Fracture,

X.~;. *' as Polished, 50X
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,~ Figure 65a

Internal Longitudinal Profile,
H3P04Etch at 150 0C, Position 2,

808

k*4r*

:0 4" ' ~ :4

Figure 65b

Flexural Specimen 6A14-104-7

~t wY' Internal Longitudinal Profile,
~ ~7I'~', ~ ~H 3PO4Etch at 150*C, Position 2,

80O

4Y7
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Figure 68a

5'Flexural Specimen 3A09-085--2,
~ :~;: ~' ~50X External Profile,

:~g ~ --- Compression Region at Top

z$'

Wk

~"
I Figure 68b

Flexural Specimen 3A09-085-l,
5OX External Profile,

~ Compression Region at Top
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Figure 69a

,: i -Flexural Specimen 3A09-085-2,
20X Fracture Face, Compres-
sion Region at Top

Figure 69b

Flexural Specimen 3A09-085-1,
_ 20X Fracture Face, Compres-

sion Region at Top
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Figure 70. Electron Fractograph of Flexural SpecLinen 5A13-102-6
Tens ion Zone
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Figure 71a. SEM Photoxnicrograph of the Fracture Face
of a Typik I Flexure Specimen at 500X

Figure 71b. SEM Photomicrograph of the Fracture Face
of a Typical Flexure Specimen at 100OX
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Figure 72a. SEM Photomicrograph of the Fracture Face
of a Typical Flexure Specimen at 10,OOX

L

Figure 72b. SEM Photomicrograph of the Fracture Face
of a Typical Flexure Specimen at 20,OOX
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Figure 73. Flexural Specimen 2A05-043-3 External Profile, 50X,
Dash Line -Neutral Axis
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Figure 75. Tensile Face of Flexural Specimen 4A11-112-AII
Showing Disparate Void in Fracture, 50X Trans-
mitted Light

7,.M

Figure 76. Tensile Face of Flexural Specimen 4A11-112-A51
Showing Disparate Void in Fracture, 50X Trans-
mitted Light
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Figure 86. Electron Photomicrograph - Illustration of
Black Line Artifact. Fiducial Bar Equals
0.5 micron
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Figure 87. Electron Photomicrograph - As-Received Surface,

Pressed and Fired. Fiducial Bar Equals 5.0 microns
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, .01

Figure 88. Electron Photomicrograph - As-Received Surface,Pressed, Green Machined, and Fired. Fiducial Bar
Ecquals 5.0 microns
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Figure" 89. Electron Photomicrographn Surface Created by
Cutting with a 100-Grit Diamond Wheel. F-iducal,
B~ar Equals 5.0 microns

169



lei,

3'.3

Figuire 90. Electron Photomicrograph -15-rms Surfatce Created
by Standard Shop Surface Grinding. Fiducial Bar
Equals 5.0 microns
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Figure 92 Electron Photomicrograph - 5-rms Surface Developed

Using Abernathy Lap, Fiducial Bar Equals 5.0 microns
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Figure 98a

~ Tensile Face of Flexure
Specimen 3A09-084-24A,
shop Ground and Metal-
lurgically Lapped, before
Refire, Showing 0.0075-
inch Void, 5OX

Figure 98b

~~ Tensile Face of Fl.exure
Specimen 3A09-084-24A,
Shop Ground and Metal-
lurgically Lapped, after
Refire, Showing 0.0075-
inch Void, 5OX
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Figure 102. Electron Photomicrograph -Surface of Specimen
3A09-084-13A -Shop Ground. Fiducial Bar Equals
5.0 microns. Arrow Gives Shadowing Direction
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Pigure 103. Electron Photomnicrograph -Surface of Specimen
3A09-084-21A, Shop Ground, Surface Hydrogen Refired
to 1550*C. Fiducial Bar Equals 5.0 microns. Arrow
Gives Direction of Shadowing
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Figure 104. Electron Photomicrograph -Surface of Specimen
3A09 084-24A, Shop Ground, Metallurgically Lapped,
and Hydrogen Retired to 15300C. Fiducial Bar Equals
5.0 microns. Arrow Gives Direction of Shadowing
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Figure 105. Electron Photomicrograph Surface of Specimen
3A09-084-24B, Shop Ground and Air Refired to
15701C. Fiducial Bar Equals 5.0 microns. Arrow
Gives Direction of Shadowing
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91 -079-2 3,831 91.35 5110 0.3 0.291
932 .073-3 3.91 7.15 43330 0.3 0.403
134 -0794 3.8M1 86.5 43110 0.25 0.36993 -079-5, 3.61 -l 88, 35 49M4 0, 05 DAM
C0 -079-h 3.8210 8.00 4170 0.2S 0.490
91 080-1 3.811 30 4410W 0.5 0.40 90

20 .00-3 3.811 8010 400 0.3 0.34

10sn Value 3.813 40440
t8rd Deviati 5 3.0 1. 484000, +coefrnltcnt of VrttIon 0.051

100 3 8A--1 3.34 61.15 4570 0.3 0.4020 14 MS
101 -083-2 3, 1 01.5 41330 0.05 0.4043
12 .083-3 3.33 43.00 42180 0.1 0.4013
03 -0 4 3.41 M 83 .15 51 0,1 0.40

104 -03-5 3.837 8.00 4000 0.1 0.4213
105 -0838- 3.847 8.50 4$8W0 0.1 0.4041
10 .085.1 3.8 82.5 8283 0,0 0.4000 13 RMS
107 0832 3.815 2.50 230 ,0.; 0.41178
108 -085-3 3.840 80.15 4$100 0.3 0.4120lo 16 -33. 0.21 $1.7 008 90 0.15 0. 4m

110 -085-5 3.819 7t.00 44440 0.3 0.403
229 .84S-8 3.819 86.00 48830 0.3 0.409
1 112 -0.85'7 3.020 92. 4 521"0 0, 0. 40
123 -085-8 3.41 83.0. "om 0.3 0.4153114 -0813-1 :.823 $5.00 4U!0 0.05 4.01!

16 .30: ,826 92.15 69D C,3 035062'

833 -086-3 3.831 1.00 41190 0.05 0.4296
i23 -086-4 3.80 8.80 5510 0.0.3 0.4340
124 -05-5 3.848 8.10 440 0.1 0.4425
I2O -081-8 3.I20 8.25 4900 0.3 04.413 3

Me" Value 3.839 483 0 4sum~r De viastion 0.010 4210
Coefficler of Variation 0106T3 ;

10 U10-087-1 3.835 133 49250 0.35 0.413
121 -01.2 3.841 $3.1. 41530 0.2 0.4011
111 .001-3 3.821 8.O 48200 0.05 0.411
123 -081-4 3.824 88.10 $410 0.35-0.3V 0.4120124 .087*5 3. 648 06.50 45s0 0.1 0.4132 +

238 01-6 3.820 17.50 4220 0.3 0.4064 . R tS
l3 .067-1 3.823 9.35 45- 0.2 0,4104
12 -057-3 3.821 P3.25 $2420 0.1 0.4101
134 -001-0 3.811 84.50 41530 0.3 0.40722
120 -037-10 3.814 82.35 42188 0.05 0.4119
ISO -041-1 3.81 I 16.5 0 430 0.0 0.4119
231 037-12 3.32" 14.10 54110 0.0 0.4120

:3 067.13 3.822 81.75 45010 0.2 0,4084
13 -087-14 3.833 70.00 42160 0.1 0.4100 v

134 -087-16 3.83$ $4.00 47125 0.3 0.4102
13 -0$7-16 3.834 14.", 41"O O.0.5 040H130 -047-17 3.816 77. 75 43130 0 1 0,40"

137 067-5 Z811 1:0 6147 i3 1j. 1 t

. . .. ....6; +



TA'LE, 11 (CONTINUED)

awgm. P.II..c ift wl IcO. frowm'/"jpIc.

13* 3A10-037-10. 70' 3771 5000, 168 T '42510 0.25 0.$837' Weak i6oo.i
139 .087-20 3.8141 80.00 ~45000 0. 5 0" 4 07
Ito0 '06731 "191 83.75 5270 '0.35-0"35 0. 4111'
.141 icivr-n 3813 ft.0 w 41Am 0.03-- 0.4137,

14, .5-33.825 83.75 '49020 O.M5 0.4130

143 -087-24' 3.823 83.00 - 4580 045is 0.0117,,
144 -087-25 33324 a.00, 52UN '0;.L 0.411S3
145. .087.26 3311 8200 430 0.05 0.18

sell -08-1115 3.841 507 101,0 570 0.375' 0.405

283 -03X83 52110 0.10W 0.3048"
261a M'3J 51 4.0 '610 . 032

21 4A!0485-AIS , 3.752 .5 45010 -0. 30 A

270 '".089-A 3,787 800.00 80 1030 23 0.0 03
221 -018-AS 1.5 3.8278.0 -4 10 0.313 .46
287 -088-135 3.7 '81,00 42030 0.15' 042 ,X
2U1 -08-11C 3.766 M0.5 4475 03,35. .49
18 -052-BS 3.821 N1.1 4r88510 OAS0.- .43
281 M;8q 1 344 8.:50 5M22 0.30 .43
219 -044-CM 3.441 93.5 44210 0.30 03

3582 -081C 3.7851 60. 5 $8tw0 0.45, .45
:1 -088-133 3.764 V89.00, Z81= 0.12' .OfV
145 -059-8CO H.7 '73.60 40780 0.3I .4(
213 -09-134 M. 880.00 MOO* 0.003 .41
345 -081-01S 3312 8s70 3810 0P.0T .4

11800-C 5.781 '580 454 '0.10 ,013 U

120 -08-cs 3.7* 3.0;0 35440 0.05 0404
1w, -40-0I 3.&q. 76. z 4281 0.138 .42
281, -089-14 23.7 P3.5 41770O5: 0.80 .42
218 -059-03 77 81.50 52 0. 405

21 -068-D8 3,787- 5505 890 0.205 0 N 3R
4oon V 084-D 3. 7 447 40 . 0 .43 3RS

St0lu- on-M4~ 0.018 470
Cllvboo.'ot . to 0bo040. 8078

140 OMI.00s 3.7 101.75 4710 0.20 0.0
102~~3 -643- 37270 482 0.0

270 -058-3. 1,75 90.8 5100 0.30 0 07
-252 on 00 s ,0 7F75 50 52350 0.-00.3 43
40 -088- 3.071 81. 50 43410 0.50 .41
283, -085-841 3.31 78,75 4(300 0 0.010

23 AI-09-A7 3.M9 14.25 4750 0.3
258 -075.2 3.77 85.50 45000 0.35

22 -015-3 3.153 83 76 51830 0.375
l8t -049-A4 3.774 '8.03 45M00 0.2'

2108-S3.768 '19825 441310 0.15
to2 -058-AS 3.71 ' 8.20 45740 0.05-
2t7 .004.a 3.7 8.60 '4515 0.8
208- -049-8l 3.108 ' 8.10 47128 0.0
X61 .038-'. 3.78w 87.0 5340 0.2s
M,1 -039-80 3.781 69.25 '47sm 0.05
289 .01; 417 6.0 3" O
218 r08-I 2,758 71.'3.50 410 0.3

US -08-21 3.775 82.25 370 0.5
14 -039-43 3.768 77,00 4450 0.15

iran Valor 3.779 47300
1Ieffoten0'Of artoo .0 48717
240 V 1arb 1 3M 83 TV 40,85 0.3_ _____

205 M_2 LM -6175 00 Oo



'TABLE II (CONTINUED)

SRI p., Do*~ D.,uslil Stre Lc4 at )raclufw Fracture Sonwc
Number S'aImen Temprature (I1chan 5 Section), Pate Fracture Stress Locatlon Velocity Remarks

-grolern' polla..c lb Th l P I nbe. froni Ilg.Iec.

224 5A13-101-1 70 3.02 0000 -3.50 41340 0.05
209 .10t-2 3.807 71.50 40230 0.0

-*01-3 3,7/7 '77.00 43310 0.0
245 .101-4 '3.000 75.00 -42750 0.375
'9, -101-5 377 63.00 38810 0.3
20 -101.6 3.0I0 78.50 44100 0.3-0.375
227 -101.7. 3.719 77.0 43590 0.373
207 -102-1 3.775 7%.50 41470 0.375
239' -102-2 3.751 60.25 45 40 0.1
231 -102-3 3.768 03.25 35580 0.3.0.35
115 -:02:4 3.71 77.50 4$590 0.35
220 -102-5 3. 77 1 7.75 43730 0.25.
25 -102,6 3.76f 09.00 50340 0.0
142 -102-7 1.773 75.30 42470 0.1
200 -02-10 3.0 I 78.50 441E3' 0.20 0.4050

23t3 .7.l 3.815 8.00 80 .350.375 0.4052
4 12 -102.12 ' 3.86 U.75 '49880 '0.15 0.4052
31 -0213 3815 :75 3700 3.3754 0.4042
30 -102-14 3.815 87.25 49040 0.05 0.4043
0 -107-1s 2.812 $3.50 40930 0.10 0.403

305 -102-16 3.80" 3.25 47910 0.10 0.4034
302 -102-17 3.013 88.75 49650 0.05 0.4001
228 -102-18 ' 3.818 57.25 3380 0.05 0.401137-103-I 3.787 00.00 48390 0.3
317 -103-2 3.788 77.00 43310 0.2
139 -103-3 3.17 79. 0' 44720 0.15

-5-103.4 .. 730 80.00 45000 0.15
23 -103-5 -3.724 76.50 43030 0.2-
13r -103.6 3.785 81.25 45700- 0.2
338 -103-7 3.789 578.0 44160 0.0
309 -103-10 3.819 81.75 45)40 0.10 0.4049
306 -103-11 3.815 780 44110 0.03 0.4055

-304 :103M2 3.826 88.00 45460 0.15 0.4092
M703 103-13 3.817 89.00 50020 0.15 0.4055

302 .103-14 3.507 52.75 46310 0.15 0.4045
297 -103-15 3.817 87.00 49180 0.375 0.40635

,P"307 -103-10 3.810 85.00 47770 0.375-0.375 0.4068
299 -11.317 3.807 79.50 44880 0.30 0.4054
314 -103-18 3.011 81.50 45900 0.20 0.4088

K- Me#n Vol o 3.120 44050
StMar13 Deviation 4320
Coefficlent of Variation 0.0900

7'5 6A14-104-1 3.037 8.50 49180 0.20 0.-114
147 -10-2 3.25 87.50 49220 0.10 0.412b
148 -104-3 3.332 18.25 49640 0.20 0.4245
149 -104.4 3.822 01.75 45980 0.30 0.4239
I50 -104-5 3.832 74.50 41910 0.10 0.402
151 -104-6 3.836 93.00 52310 0.20 0,4033
152 -104-7 3.051 62.26 35020 0.10 0.4033
153 -104-5 3.830 60.00 400 i 0.375 0.4088

z 154 .106-1 3.814 88.50 40090 0.10 0.4130
155 -106-2 3.803 '04.00 350 0,175 0.4102
150 -108-3 3$,20 $9.00 55090 0.05 0.407;137 -104-4 3.623 88,75 4930 0.10 0.40
158 -106-5 3.833 M04.75 47610 0.05 0,4110
159 -106-6 3.823 85.00 47510 0.10 0.4070
150 -100-7 3,802 88.50 49180 0.20 0.4117
1e1 -108-8 3.817 65.50 40780 0.375 0.4031
1632 -104-9 3.812 74.00 41130 0.20 0.4118
13 -10-10 .813 3.00 53310 0.05 0.4073
10.4 -100-!1 3.521 50.25 50770 0.05 0.4074
165 -100:-12 3.30 IGO. 50 51530 0.375-0.375 0,40

s15 -10-13 3.93 '85.50 4800 0.35 0.4090 Spare troim *crop

Mean ;&]us 3.524 45530
Stvidard Deviatlon 0.010 4560
Coefflont of VoLrbtton 0. 1001

244 A17-107-1 3,819 38.50 55410 0.25
1t -107-3 3.812 85.50 4800 0.2
25 -07-3 3,811 90.25 5070 0.3
lot -107-4 3.812- 85.00 4?610 0.36249 -107-5 3.14 50.25 50770 0.375
14 -1107-4 5.12 53.00 4580 0.2
247 .1- 0.-7 3.812 94.75 53300 j,37.S'.0.375

20 .108- 3.709 03.50 52f0 0.3M- 10-2 3. 706 93.50 40790 0.29t
M -100-3 3. 803 60.04 4528q 0. |0
104 -t00-4 3. 0 00.50 50010 0.25
133 -100-5 3.603 67.50 49230 0.3
210 -100-8 3.005 04.75 53300 0.376
203 -108-7 3.903 60.90 5050 0.35
222 -109-1 3.808 90.25 50770 0.1
124 -168-2 3.502 88.00 49300 0.3
1 -100-l' 3.800 85.50 4300 0.2

237 -10-4 3.203 83.50 4CO90 0.2
1 -109-5 3. am 7.60 44720 0.'1

C35 -109-0 3.808 94.25 53020 0.375-0.376
230 -108-7 3.813 82.75 48350 0.1

I Mean Vs2o. 3. e07 49070
5taWar Devlatl n O.O05 2810
CWMftfl-leM of Vat-attcn 0. 053

198



TABLE I II

TABLE OF DEtAN STRESSES, STANDARD DEVIATIONS, AND
C0EFFICIEN4,'P,'F VARIA TION FOR PHlASE I
FLEXURAL DATA ON MACRO SPEOIMENS

Specien Number of Mean Fracture Stanard Coefficderit of

BlankTjpe Spedimens Stress DeYiati'on Variation

A2 20 51450 3640 0.0,06

A4 19 49810 4390 0.0881

A5 13 49050 2870 0.0585

A6 14 51830 4390 0.-0946

A7 24, 49010 3170 Q.;0647

A8 21 46440' 4000 0.4061

A9 20 48280 4210 0.0873

A10 62 49520 4380

All 20 44320 4780 0. 1079

A12 20 47060 4670

A13 39 44650 4020 0.0900

A14 21 48580 4860 0. t00k

A17 21 49870 2910 0. I583

Total
Population 314 48290 4160 0.0954
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iTABLE IV

1MSL0JLlS0FlTVNLZ 2RVALVA114Or MW. P IC MACROSMP9 MEN3S

SI 8.., I 2 0..wlty Sft.... I . at - rfact.r Flactilb . Sonic
N.mber oftie... Ttmp.rare (E c. cs S~eCc') 2.:tr I wt. Stress .. L4c.tton N4olocity ht3m..k*

r r'I pll.. lb pSI rom IA.. Ip ps.
i , L¢lt ': .. ..-

T.25 IA02-003IT 70 - 3.64S 5M 342.2 4390 A 0.37U* Frocturo trests bu*,. CK2dI Otlr
T-S *0012T 3.849 62. b 47370 G 0.360 0.064 4t m.e.r
T6 .00.14T 3.931 303. ,3110 C 0. 3193
1"-0 I .00.2I 3.11 219.0 .4090 G 0.3717

.810.'I 3.01W 30.0 40M G 0.3154-

T-9 010*2T 3.811 34.8 , '4690- C 0.37$2.
T-13 u.t 3.832' 330.0 47550 G 0.3178-
T-J1 6 .021.2T. 3.135 319.5 41440 R8O. 1010 0.319.

Mean Vaue 3. 440
St,"rd O.aiitln 2940

Tig AO0.
8
24IT 3.943 35.0 W 30080 0.3141.

T-2 -024-4T 3.045 241.0 14130 R-0.104 0.3.1,4

T1i -02-IT 3.31 335.3 48310 G 0.3908..
T4 -02.2T 3. O. 348.0 30140 0 0.431
T-30 N0I-IT 3.833 313.5 42170 R-0.09"1 0.33*
T-1 -028-2T S.83 303.8 42770 R-0. I0 '.0.3921

T-22 .031.27 3..32 3341 48320 C 0.7943.
1.14 2033.2T 3.01 40.0 0 0..193.

Mreon Vol.. 3.34 46
S.andird ialitlon "SOcwtntlent of Viis ! m .12

T.21, 2.80-03.-T 3.,1 305.3 43020 0.3938.T-8 :038-2T t  
3.918, 4.0 38 R-0.0" ...

T.] 0311;iT'--' ..... .... D ( Bokein bItat

83 i :. .O' M 1 220 c ..
T-: '0 :0*4-1T 3.784 32.3 430 C 3. 3*T-3 I .04"." a.l -41 .0 4020 0.3041
T.8 i -010- IT 3:931 3 4 0.11

TS 0 . 'r '3 548 31.3394l1

T:1173.804181 C.3928" .
T-1 ] 47-IT 3:6, 1511 220 C 0.3935 Pired it WC hig4 rImpralum
T-01 4A?-2T 3.85 W ...... Fired at SVC highr tP4raW C

Mean VIQ 3.'IA 44610
S%.d.r4 Deviattl 480
Coltcient of Virlttm 0.2070

T.84 2A1.0.I 3.78 24.5 . 5220 0.4NoS
U-8 -000-I7' 3.7071 317.3 45110 C 0.4!00
T71 .0W-T 3.180 200.0 51810 C 0.4101

T-18 -00-4T 3.813 130.0 4300 C 0.4099 Soare
T-95 -03-0T 3.71 331.3 48740 C 0.41230
T-07 '064.2T 3.700 321.0 4120 R-0.0.2 0.4150 Spa"
T-75- -00-IT 4.7113 .3. 44310 0.409
T.2 -03-2T 3. 308.8 440 C 0.4115 $p.r
T-47 -0-IT 3.793 310.8 4"40 a 0.4016
T-13 -0- 3.M.2 3.01 30 C 0.4041
T-27 -00-3T 3.1701 130 40802 10.0096 0.4056
..... . 049-4T 3.002. 0.408 M or. broken daring giving

Wen, Vslue. 3.103 41810
Stndard Deviaton 2Io70
C.. . tt'ntW Variation 0.0H

7-59 2A0S.00.7 IT 3.901 22.5 42130 C 0.4144

T:72 -070- 3.301 339.8 4080 0.4128
T-49 -070-T 3.749 321.9 48260 C 0.4139
T-70 -013-1T 1.194 348.5 4930 G 0.4016
T-101 -013.3T 3,00 240.8 30 0.4151

T.108 .C13-3" 3.303 300.0 420 C 0.4113
S7.1 7 .01T ,Bo 34.3 490 0 0.4114

T-31 A0.060.-7 3.2 23 0. 42040 -0 0.4094
T-113- -G0e-3T 3.042 3.0 449 0 0.4112

litean Value 3.7 46420

coefficet of vltllton

T-80 3AO024-IT 3842 338.3 130 C 0.413S
T-13 -034T 3. 04 324.3 492. C 0.4160
Tk,297 -OM3-3T" 3. 841 309,1 48 3 a 0, 4140)
T-30 -063-4T 3$. 01l 36,1.3 W 0 0.41571
T.5W '003-ST 3. 040 343.5 49%x 0. 416,

T" 45 - •4.8 3. 43 309.0 44$30 C 0.4120
M.24 -00- IT 3.8351 300.0 41340 C 0.4153t

T-34 .083-1T 33 314.0 43430 0.415

Me". Val 3.852 4i$30
St ft rd4 Dt),Olo 384o
Coefflcient of Varitlo 0.062

3AIO007-IT 3.033 0.41324 Broken In handlits
T.220 -08I-T 3. 84 '31.3 4701,012S 0. 4088
7-118 *OS7-3r 3,33 342.0 4930 C 0.4143
T-11 -08 -4T 3.831 322.5 48470 C 0.4128
T-33 -06-5T 3.L34 323.5 4840 C 0.4115
T.98 .031. 3.037 339.0 40030 C 0,4126
T-98 .061-7T 3.M1 37.0 84840 R-c. 2002 0,414$
T-77 .c81-T 3040 304.5 4300 C 0.4202
T-41 .087.9T 3.537 34.8 480 0.4110
T-08 47..07 3.8.3 3386 4520 C 0,4116

T.0 -08-IT 3.853 281.0 84900 C Spore

T.35 -00813T 3.818 040 44080 C 0.419o Spare

Me.4 Valt 3.033 40560
SlanJird 8A.Hon 12
Coeffclent of Variation 0.0124
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TABLE iV (CONTINUED)

331RmD Dnmtty We"a Load at lrratara Fractu 2oo"
Va,,mber spectrn Mtohpr t ur (M lowcs Section) a Fra2 rscture 5(rea LoM1 -V*Lw to P.aks

F zlcms pt/.eo 29m Pat I= hav se G.ItAsmldv;*.m

4AII-069-AiT 10 700 . ............. B1okon dad q luIn
T-S -083-A2T 18. 236.6 4110 a
T-44 -00-A3T : 743 30.0 445,0 0
T-I2 -069A47 " MJ.6 , 344.1 3220 a
T-130 00-AST 3.738 200.5 40420 a
T-131 108-AT 3.716 42.6 430
T133 -C09-B17 3. 68 300,0 44530 0
T-:1 -0M-CIT 3.814 306.6 44200 0-
T-134 -M-=i ' 3.114 270.0 4030 o
T-103 -0M9-CIT 3.7Hl 273.0 .311240 (
T-90 .082-C4 S.6403 276.s 39189 a
T-119 -06"ScT 3.722 210.10 -Salo a
T-4 -09C6T 'S.714 302.3 4M0 0
T-132 .0M-CM L725 140.0 48 a0 Sare
T-55 .9-DIT 3.678 364.0 38040 - 0
T-66 -089-B17 3.79 312.5 '49170 1-0. IC0

-- 2 ....3 ... Broken during grindine
4.-M 3T 3.725 31.0 45820 R10 40

T-73 -039-94T 3.780 377.6 5 20 ( .O

T.42 .082-ET 3,70 346.5 499, W-0. 1033
T-38 .060-6T 3.700 321.8 40300 a

Mean Vol. 3Woe0 43170
Standard Dovialto, 4270

-Coefflcel. of Varatlon 0.1013

T-4 2A-M.0IT 3.727 '4.0 4%0 1-0. 00
T7-125 -005-2T 3.70 344. 4100
T-117 -05-3T 3.762 844 . 49010 0
T-47. -095?4T 3.701 241.8 49323 0
T-10P -0964T $.79 339.3 47440 0
T-21 -096.81" 3.759 325.5 4800

-3-7 . ..... ..... Broen In hadlng
T-41 -098-IT 3.714 $12.8 4500 5

16, &n Value 2.763 47400

0,flt" of Vrlatttn 0.0380

7-90 SAIS-101-IT S.147 .192.5 41150. l.0,1058
'1-111 -X01,2T 3.77 01.5 43410 -0,104
r-11 , -101-3T 3.704, 198.5 43010 a
T*.5 -101-4T 3.)70 171.5 291so a
.....- 101, 2.747 -W- . -.. Broken to hadlli
T-8S -102-IT 3. 36.5 43010 -0. 10
T-92 -102-2T .u8 291.6 41040 0
T-104 -102-ST 3.781 10.5 44;10 0
T-190 -102.4T 5.736 232.3 43150 A-0.1000
T-110 -102-6T 3.783 272.3 320 1-0.006
T-148 -102-o 3. 194 202,5. 43160 a

-.... . 102-7" 3.194 Brokn
T-166 -102.ST 3.791 288.0 42600 a
V-145 -102-1'T 2.79 253.0 26430 a
T- 147 -10-10T 3.794 351.3 40
T-00 -103-1T $.791 526.3 4M40 0
T-110 :103T20 .80 339.8 4880
T-4 .103-3T 2.78 20, 3 4440 0
T- 124 -102.4 S.80e 227.3 $210 0
T-81 -103-T 3.77 226.3 4"80 0
T-159 -103-07 3. 0 273.3 40090 0
T-128 -103-7T 3.803 240.9 34700 0
T- 137 -103-$T 3.802 293.5 450 0

-10.-9T 3.704 Broken tn grl'der
-102-17 3.)I Broken In grlidr

M.,4A Value 3.781 41450
Standard Deeawtto 330
CoeMolCI MO Varlatlw Mail

T-58 -A14-10-1T .87 311.8 48300 0 0.4964
T-05 -104-2T 8.821 84i.0 61010 a M0.I0
T-43 -l04-Mr" 3.840 323.$ 46M 0 01=,

T-3 -10444T 3.718 351.0 00 a 0.400T-30 -104-5T 3.628 $66.0 527(0 a 11. 037
T-23 *404-ST 3.836 378.0 Uss 0 0.4101

T-25 -104-4T 279 3 0 51010 0.41
T-38 -104-4T 3.4q3$ 145,0 49'710 a 0,4m
T.63 -106-IT M41 345.0 40710 a 0.40M
T,$7 -106-ST . 3278?. 47230 R-0. 1004 0,4100
T-54 -105.3T S.003 374 ;3 53910 a 0. 4m1
T-62 -1r-4T 3,852 $44 40 10 R-0,10l: o. 04M0

ie"o Vut 3.04 50250
Standard DivtlloI 270
Co+fficte'MOf orl20.

I'l2o1



TABLE IV (CONTINUED)

SRI Run D.lk llnsity Streis Load at Frsturo Fracture Sonic
Nunbo; Specimen Temperature (Mechanics Section) Rate - Fracture Stress Location Veloity itomcsrk

,

gmlcm pailae, Ia pt. tacho. from 1'. "e

T-31 6AIT-107-1T 70 3. 80 386.6 41280 a
T127 -107-T 3.804 351.3 500 CG
T135 -101-3T 3.07 3114.0 5330 0
T-6 -107-4T 3:807 309. 0 44530 0
T-04 -10745T 3bo6 38.5 -47340 R-0,.100o
T-74 -107-6T 3.803 351.0 10580 0
T-32 -107.7T 3.800 342.8 400 
T-114 -108IT 3.819 330.0 48850 0
T-122 -100-2T 3.810 32.3 52=0 G
..... . -I06-3T ..... ..... Broan during clune
T-102. -108-4T 3.832 314.3 4520 0)
T-100 -100-5T 3.831 30. 8 44630 'G
T-76 -109-6T 3.814 338.3 43740 G
T-86 -108-Tr 3.807 330.8 47600 G
T-3 -109-IT 3.788 352.5 ,5070 R-0. 1157
T-39 -109-2T 3.784 351.8 508 0 G
T-46 -109-3T 3.791 345.0 49710 0
T-41 -109.4T 3.77 346.5 49930 0
T-63 -100-51 3.789 345.0 49710 G
T-99 -109-8T 3.789 311.3 44850 0

T3 M-T3.7013 331.5 47770 0

Mson Valie 3. an -48508
S-andard 0lat0ion 32
Coefricient of Var on 0.0859

V * Specimen ends camfertd (Signal weak due to rda~ced area causing dlfr cuity in reading custpt.
The values " .how should not be used to compare with oncamofere4 spectmens).

*a 0 denotes specimen fractured.-Ithin the itmform diameter jp section.
-R-0. 1010 denotes that the soectra. faled in the breaskdon radium and the fracture cross a ctit waa 0.1010 Imbez In dtartter.
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TABLE V

TA)LE OF MEAN STRESSES, STANDARD DEVIATIONS, AND
CO i .CIENTS OF' VARIATION FOR :PHASE I

TENSILE DATA ON MACRO SPECIMENS

Specimen 40mbero MeanFractur.e S ard Coefficient, of

Blank y Speclmens stress ,Devtion Variation-,

A2 8 45830 2940 0.,0641

A4 8 46430 5330 0.1148
4A 9 44620 4790 0.107

A6 ------

A7 11 47870 2870 0.0598

A8 9 46420 3400 0.0131-

A9 8 46590 3840 0.0824

A10 11 48560, 3520 0.0724

All 19 42170 4270 0. 1013

A12 7 47860 1820 0.0380

A13 21 41450 3360 0.0811

A14 12 50250 2670 0.053i

A17 20 48500 3200 0.0659

Total
Population 14 46300 4330 0.0935
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TABLE VII

RANK CORRELATION TESTS
C- rorrelatlon Indicated

Test 'Njlwber of 'Indication Confidence
'No. Ite= Tested - . Sample z Positive legative Too Weak Level

PC . 3reenDerwity vs'SonicVelocity
(a) Tensile 42 -1.801 X 92.82%
(b) Flexural 159 -6.273 X >99.991

PC 2 rbeen Density vs Cne Angle 45 -0.598

PC 3 3reen Density vs Tesile'Strngth
(a) All lanks 98 3.089 X 99.8%
(b) Less 11,12,13 55 0.354 X
(c Blanks 11,12,13 43 3.271 X 99.91

PC 4 reaeDen Dosty vs Flexural Strength
(a). All Blanks 242 3.431 X 99.94%
(b) Less 11,12,13 18 0.504 X
(c) Blanks 11,12;13 54 2.841; X 99.5%

RC 5' 'reen Density vs Fired Density 37 -1;628 X
PC Z cone Angle s Sonic Velocity

(a) Tensile 73 1.095 XS(b) Plexural 191 -0.520 X

PC 7 Cone Angle vs Tensile Strength 122 -4.219 X9.95

PC 8 Cone Angle vs Flexural Strength 293 -0.560 X >99.99%

PC 9 Cone Angle vs Fired Density
(e) Tensile 130 -0.290 X
(b) Flexural 293 18.691 X >99.99%

PC 10 Sonic Velocity vs Tensile Strength 71 0.355 X

PC 11 Sonic Velocity vs Flexural Strength 193 1.653 X 90.16

kC 12 Sonic Velocity vs Fired Density
(a) Tensile 73 0.548

1 (b) Flexural 193 1.680 X 90.70

PC 13 Sonic Velocity vs Minimum Thickness
iFe ny(a) Tensile 73 1.043r (b) Flexural 182 1.416 X
PC: 14 Fired Density va Tensile Strength

(a) All Blanks 141 4.085 X >99.99%
(b) Less 11,12,13 94 -0.017 x
(c) Blanks 11,12,13 47 -0.022 X

gC 15 Fired Density vs Flexural Strength
(a) All Blanks 315 8.681 X >99.99%
(b) Less 11,12,13 236 2.421 X 98.42
(c) Blanks 11,12,13 79 0.907 X

PC1 iiu hikesv esile Strength 141 -6.748 X >99.99%

RC 17 11inirum Thickness vs Flexural Strength 304 -13.530 X >99.99%

PC 18 Minimumi Thickness vs Fire 1.I 64i -3.727 X >99.98
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TA BLE -VIII

~X TZSTS

test 'Dgrees,of Cniec
No- Description .freesam statistic - Inference- Lee

IM I tool. eat effects o.a girean density S X'-22.46- There ar.,diierencos in green density

RT, 2 Raeprodcibility-of Teisile Strengthes 9.5
between Black t -es for-a givmnTool Setant ocue xs

(a) TolSet Sla'ik'typea 4,5,7,0,12) 4 Cannot8 co~l ii A.forancrs In strengthexs
(b) Tool Set 2 (B)'nhk Types, 4,5,7,8)V 3 X1-2.31 Cannot cenbiude 4rdffsnces in trength exist

,(c) Tool get 3 (lank Types 9 A 10) 8.1 U :320 Cinnotconclu~s diffareYces'in' strength exist

(a) Tool Set 6 C.lank'Types 14&1) 1,0 U -82.5 There are differences-in tensil* strength of

?3 i p ,eproducbility of rlexural Strength
between Blank tye for *-givoncTool-Sst
Cs- Tool Sot fIfllank Types 2'k 6) 14,20 -a -138.5 Ca.,,not- oonclfide differences 'in strsngth exist

(b). Tool 5et2 (Blank Types 4,5,7,0,12) 4 XI-ll.47 Thare-.aro differences in flexural2 strength of
diffsra,.tBlank types-produced frouatoolS~t-2 97-57.991

Wc tool Set 2 (Blank Types 4,5,7,3) 3 XI-9.23- Thirs, re 'differences in flexural 'strongth of
different, BlAnX-.Types~produced, from Tocok.Zt2 S7.5

(d)' Tool Sot 3 (Blan~k Types 9 s16) >20 z -1.02 Cannot -conclud. 4iffrcncessin strengtbexs
to) Tool Set 6 (Blank Types 14 A 17), > 20 a ,'.0.005 Cannot conclude 4ifferences 1n streghexist

T '4 YBlenk type effects, on teila-
stren~th

(a) All Blanks 11 XI.62.7 Thereare differences-is tujnsiis-stroi~gtb
between Blank types ' -99.,

(b) Al Blans less11,1213 a X.14.9 There are differences in-tensile srnt
(bI Al Blnk les 1,1,1 8 ~ l.8 between blank Type"_95 ___5

Rt 5 Blank typo affects on flexural strength
(a) All Blanks 12 X3.69.9 Ther*esx. differenogs In flexuralamtrngth

botweenBlezkTypes, " 9.5t
(b) All Blaneks less 11,12315 9 X2.21.0 There sre diffarences-in flexurelsatrengthbetween Blank Types 97.5-991

Rt 6 -Blank type ef fects on fired density
C) All Tensile -1 '.l.

(b)) All tensile-less 11,12,13 8 X-:67. There are differnces-in fired-density
Wc All l exisral 12 XI-l97.0 4 between Blank-,types

Cd) All riexural 7ass 11,12,13 9 VX2'105.9

ITt 7 Reaproducibility of tensile strength-
of items within a given blAnk-type 2 '%.7

(a) A17 lankg 'lo Cannot conclude differences in strength exit

at 8 Reproducibility of flexural strength
of ites= within a given~blsnk type

(a, A02 Blenks . 9 XI8.33
(b A04 Blanks 6 X':3.90
Cc). AOS Blank:; 4 X, 7.41
Md -A06- Blanks 6 X'-5.54 Cannot conclude differences In strengt eist ..
fe) A07 Blanks 6 2 1,0

f) A08 Blanks 4 X,2 222
* q, A09 Blanks 2 X!-1.26
Wh A10 Planks 26136 a -2.60 - There are differences in strengthbetween

Itens within Blank'Typa 3.10 :99.5s
(i) A12 Blanks 7,13 U .'41.00, Cannot coniude differences in strength-exist

19) A13 Blanks 2 X!'..l There are',differencas 'in strength between
Ites within Blank ype AIL:

Wk A14 Blanks 0,13 U -28.51 There ae differene. inkstrength betweenItems within Blank -Type A14 951(1) Al7 Blanks 2 XI-2.83 CanrOt -conclude differences in strength exist

at 9 Uniformity within -Blank 3A-10-088
( a) 5Srntions.A,B,C,tt 3 X2:1 94

(b) S~log ,D51 Uli C~no conclude differences in strength exist
Cc) Sections S,C 5,5 IU .11 1
Ca) Sectlono WAD), CB+C) 10,10 u-33 There are differences in strength between ends

and center of blank .0
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6Y.V)8v-I131AI1212 szCm A:

.-- Sctionw'- Srnecimen -
8
Wot -shsitis

3' 1890O07 3.840 3;8100 3

.876, 3.664 '3.053 3.146 3.'478

3. S?2. 3.e61- 3.834- 3. 04 ;7

3.973 3, e3d,; 3.84i 3.7,-386

3.S13. i72 -3. 86i 3667 -3.690

- Section A - Ficizrent~vrli Densitior

1.850 p3.830 3.807 -3.951, 3.963

6~~ 386 3.622 3.827 3, 46,

3.843 3.816 . 907 3.614 3.846'

-3.i39, 34467 3.794 3.846 3"830

3.853 ~ 3.-843 3.832 -3.845 :,.57

SD. !, , 1
'C.o0'. 0.44%

Moan 3.' 3 84 Sm/!k
3

S 7 0.01k9-
C.O.V. -- 0.481.

TAI LE Xlb

13LAK 1831-4. 1,12 SECTION C

________Section C -Socciser. "Wet 'Dernitles

3.889 3.869 3.872 3.876 3.890

3.873 3.846 3.842 3.842 3.867

* 3.868 3.022 3.805 3.824 3.872

3.070 3.818 3.771 3.811 3.667

F .863.866 3.845 3.862, 3.-882

Section d Specirabn "Dry' Densities - -

3.854 3.840 3.837 3.840 3.A6.

3.844 3.813 3.309 3.08 3.843

3.837 3.790 3.775 3,791 3.843

3.835 3. l~q1 3.1736 3.795 3.835

3.a48 3.835 3.815 3.6 3.856 J

0 33

Mean . 3.823

S.D. - 0.030
C.O.V. - 0.79%
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TABLE XV

RESULTS OF SURFACE FINISH STUDY ON M&CRO-SPECIMENS

Surface
Condition Remarks Flexure Tension

psi psi.

pressed. and fired Blank 3A10..088 40, 820
(150-175 rms)

pressed, green
machined, and Blank 3A09-085 43,240
fired

Ground surface -Blank 3A-10-087 47,890 48,560
(15 rms)

(shop ground) Blank 3A10-088 50,620

Polished surface
(3-4 rms) Blank 3A10-088 48,420 46,220

, (shop Polish)

Polished surface Blank 3A10-088 50, 820

(lapped) One-inch specimens
(Metallurgically taken from two-inch

Lapped) specimen. Alternate
ends were evaluated
as ground. MOR.:
51, 930 psi.
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tAiBLE XVII
PXSULT3 OF VA,.OU5 TR.AT)OZN

Am Specimen Strength Averae Coience
NO). 1 ber Treatment psi Srngth pii ' -avee Znerwee

P-379 4A11-112-26 38,530
311 4A11-112-52 39,975 -3.5111 99(+)% Strengths differ
303 4A711-112-27 A 0e5iced 36,710
'431 4711-112-103 34.150 Avg.-37 125-
421 4A11-112-86 I 35,440 S.D.-2,127
419 4AI-112-73 37,960 C.O.V.-0.OS73

F-375 47.1U-112-14 -Modified 43,150
377 4A11-112-22 "Deep Lap" 40,030 36,150
380 4A11-112-37 25,275 -1.12 <'0t Cannot C Mac1e that stringt

'differ

r-493 4A11-112-114 Slbw Machining 35-395 Cianot onclude that strengtn
490 7.11-112-115 Rate (Sliced)- 36,95C differ
S03 4.11-112-116 33,320 37,400 0.211 "30%4921 4AI1-112-117 31,33049 4A1-112-110 40,020

r-487 '011-112-143 Intermediate 38,570
506 4A11-112-144 Machining Rate 32,140 35,710 -0.282 Ca80 not coaude, that strengths
507 4A11-112-747 (Sliced)' 39,410 differ

r-509 47.11112-123 Semi blest 38,950 Cannot ocunclud that strengths
502 411-112-124 Machined 35,020 35,710 -0.94, <05% differ
405 4A11-112-136 33,150

F-47 4A1-112-151 Sliced with tangent 3,390
468 4A1-112-152 to wheet normal to 37,620
469 4A11-112-153 specimen center- 32,290 Cannot conclude that strengths
462 4A1-112-154 line 37,750 36,850 -0.242 <<ot differ
470 4A11-112-155 35,235
476 4A1-112-15C 36,140
474 4A11-112-157 39,830
480 411-112-158 39,330

'-:04 3A10-088-A10 Sliced 'good' 44,900
8 3710-088-7.11 material 47,400

505 3710-00-A12 50,520 46,280 -4.06' 97.5t Strengths differSoo U 10-088-213 45,490 S.D.-2,280
502 3U10-088-A14 43,110 C.O.V.-0.0605

P-471 3A 10-088-1S 'Good" material sliced 35,240
473 3A10-083-25 with tangent to wheel 43,990
472 3A10-000-35 normal to apecimen 34,200
475 3A10-088-49 centerline 43,350 31,970 -9.34' 99(+)% Strengths differ
478 3^.0-013L -5S 36,150
477 1 3.10-018-6S 36,920 -4.53' 99% Strengths differ
479 3A10-008-78 35,270
481i 310-088-80 38,635

F-436 4A11-112-64 Btchad for 1 hour in 27,650
437 4A1-112-94 hydrofluoric acid (-10 25,090 26,070
435 411-112-94 mile deep) 25,480 -7.350' 99(+)% Strengths differ

?-439 4A.11-12--6 Ztched for 10 minutes in 35,950
440 fA11-112-98 hydrofluoric acid (-S 31,510 34;710
441 4a.1-112-83 mile deep) 36,660 -1.4611 g0 Carjnot conclude then strength#I diffar

r-515 411-112-120 Etched ;5 mils and 40,780
513 4A11-112-131 machined -4 vale 35,420 39,403 1.70 93% Strengths differ
5141 4A1-112-132 All over 43,210 -0.41' <00% Cannot conclude that strengths

differ

?-5121 4A1-112-113 Borax machined 2 36,060
511 4A11-112-126 minutes at 1550*F 40,435 39,750 1.742 92t Ztrenjtls differ
510 4 11-112-142 39,750

-516 . 310,-087-21 *Cwod' specimens and 42,840
518 310-087-B71 material. Borax machined 47,010 45,300 -1.12' < 0I Cannot conclude that strenoths
517 3A10-0870D13 2 minutes at 15501? 46,060 differ

P-376 411-112-17 41,200
384 4A11-112-51 Torch "Ptefire" 39,740 38,740
145, 4711-112-35 to -20001P 35,290 1.86, 87.56 Canzot -onclq that strngths

differ
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TABLE MVI (COtITiNptD)

iid

Run, n strength v.erage, confidence

5=:6ret psi 0Strength psi 't Lavel Inference

P-397 4. ..-112-13. 30,550
401 4.11-1132-15 Torch "Pafire" to 35,160- 10,640
395 4,11-112-54 -2900., 25,640 -7.68' 990 Strengths df

F-387 4A1-112-46 2000*F in- Air for 5 37;400

-- 388 4A71-112-24 minutes, furnace cool 41,300 38,920
389' 4Al1-112-34 38,085. 2.08 91%. -Strengths diffir

F-486- 4A71-112-122 20007F in Air for'1/2 33,950

499 47 1l-.12 -137 hoaii furnace-cool 30;790 34,030 -2.062 90% Strongths differ
497 4.11-112-138 37,350

P-37C 4A11-112-25 2000P'inAir for I 50,960
392 4A1-112-56 hour, furnace cool 44,610 46,760 11.101 99% S

386 4A11-112-55 44,720

F-495S. 4AII-12-121 2000 P 1 n.Ar 10i 1 37,830 CannotcOnclude hat strengths
496, 4AI-I122-125 hour, furnace cool, 34,430 36,640 -0.19, 'differ

' 501 4A11-112-135 (repeat) 38,260

S-?432 4AI1-112-104 2000'? in'.ir for 3 32,700

426 4A1-112-1 hours, furnace cool 33,130 32,430
418 4.11-112-92 35,050 - -2.321 931 Strengths differ

F-426 4A.11-112-97 1900"7 in Air for 12 34,830
434, IA11-112-77 hourw,.furfiaca cool 36,450 34,900
420 4AU-1122 33,400 -1.40' 80% Cannotconc1ude thatstengths

differ

?-433 - 4AII-112-74 1960F1?in Air for 168 37,965
423 4A11-112-106 hours, furnace cool 36,600 35,925
422 4A1-112-67 33,210 -O8Ul 'C80% -Cannot conclude that itrengths

dii far

--429 4A11-112-105 2000-F in vacuum for 1 32,690

427 4AII-112-107 hour, furnace cool 38,490 36,630

423 4A1-11287, 38,720 -0.33 "80% Cannot conclude that strengths
differ

4711-112-75 17501? In Air for 1 hour. 37,165
4AI1-112-95 Placed in vacuum hot. 32,730 34,950
4A11-112-85 Vacuum soaked 24 hrn ant 29,860' -1.25 <dot Cannor concludo that atrlngths

brokon in vacuum -i0
"
4 differ

torrt __________

4AI-112-145 660'r in vacuto for 2j 46,435 3.55' 99(+)% Strengtho differ

hours, soak in vacuco
24 hours -10' torr

r-391 4Al1-112-33' 2000"F in vacuu for A 36,320
400 4A11-112-32 hr with cyclic longitu- 36,390 35,660
392 4.1-112-44 dinal comprseive load 34,360 -1.69h 84 Cannot conclud that strengths

differ

F-498 UA09-085-9 Green machined and 44.400
492 M09-085-10 fired surface 41,485 43,240 -0.87 . Cannot ronolues that strengths
4:j4 309-085-11 41,830 differ

Notes:
1. Value of t comput2d using average and standard deviation of ground specimenn from thia blank. (average

strength - 40,920 psi, S.D. 4550 p8i 50 spec1i-uns).
2. Average of t computed using average and etandrd dviation of as-sliced opec~ens.
3. 8 ail void in fracture. Str.ngth not Inclwded In average.
4. Value of t computed usxng average strei,;th - 50,680 psi, S.D. - 4460 psi for 36 speci ans.

5. Value of t ccaputed using average strength - 46,600 psi, S.D. " 5690 psi for 8 specimens.
6. Value of - computed using average strngth - 46,200 psi, 5.D. - 2820 psi for 5 specimens.
7. Value of t computed using average strength - 47,090 psi, S.D. 3783 psi for 26 specipens.
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TABLE -XVIII

SRINI POx FACTURE
Alm SPECIMEN TEST STRESS, GUWA VELOCITY LOAD AT 1MAC1Uf~!' LOCATION RENAACS

MUMNER kUM9ER TEMP MAIL OENSIT IM1X,4CRO FRACTURE STRESS 1I%. FACI4
D1441F PSI/SEC OM/C9003 -SIC POUrNDS 'PSI HIDV6AM

'r-614 ZA04-031-AOI 70 500 3.816 0.3967 47.00 MiO3. 0:050 ospris-and deviation of:crack but no flaw
r-4s& ZA01-O31-ADZ 3.015 '00958 -92075 11960. 0.300 20-46 ig s urface finish
F-657, 2A4-01-AOS $.910' 0.3969 76M0 42730.- 0;200 Wx3- subsurface ioid
F-659, 2A04.031-AO4 2.815 0.3983 14.00- '47:00. 0:310 3 ail sobelzrfoe. void
F-662- 2A04 -031-A01 3.413 0.3938 830.1 46940. 0.2 so 2 ail Void
,F!667 ZA*4-,071-AQ& 3.811 0.316 #~s? 47200. 0.375
F-474 1104-031-A07 $.$to 0.2965 ':).75 4110. 0.:15076!96 ;2A0O-031-AOI -1.615 0.3180 64 04 471ID. 0.7
F-699 Z2A04-O3j-A09 2,171 0.3907 $7.2s 44980. 0.100
f-!709 *240-0)I-AIO '..8410 tG3933 70.20 30420; -0.1$0
P-721 IA04-031-AZ1 34830 6.S971,' 90.25" 50760. 0.050 2 Kil void
F-442 2A04-01-AS2 3.315' 0,096S 647.75 51830. 0.30 20-23'rma-eurface finish
F-637 ZA04-031-A12 2*2 0.3991 94.75 56220. 0.310
P416 -2AO4-031A4 M,81 0.3965 tli?l V~250. 0.100 4 mil void - 2'ails deep
F-647 2A04-035-A01 3.804 0.3961 91.73 51710s 0'.00,
F-630, 2A004.'02O 3.805 0.2991 91.00 53300. 0.001, 4 all voidK- -Gtl ZAO'-035-4o3 3.804 0;3997 $7.00 30110. 0,300 Wx ril void - 4 mile deep
F- 711 204-035-AO4 5.900- 0,4000 77.3M 41.180. 0.375

'7- 'L 2A04-035-405 0.000 0.0040 .0.00 0, 0.000 bxoken in ha.udling
F-702 2A04-035-A406 3.805 0.3940 76.10 43010. 0.250

KF-TOO 2604-05-AO? 3.800 0.401S 02.75 46620, 0.0%0 2-a±7. void - 4 mile deep
C 695 2404-035-A08 3.197 0.4.000 3.50 4921.0. 0.150

-:692 2404-035-A09 3.800 0.4000 '80.25 46340. 0.150
F-687 M64-03S-410 3.800 0#4001 #?.7S 430. 0.050
F-684 2A0Jd-035-All 3.802 0.4001 82.50 47410. 0.350
F-678 -204-032-412 3.790 0.A015 79.50 45810. 0.150 4x3 ail void'- 3 Mile deep,
P-602 204-035-A13 3.810 0.3998 90.75. 45130. 0,330 3X2 bi-usrmavi-1nlIelow tension surface
P-439 2404-035-414 sil0$ 0,4009 83420 *9349. 0.200

4-A'iA 9VALUE -. .309 0.3980 47763.
STARDARD. DEVIATION 0.009 000022 4093.
COEFFICIENT 0F, VARIATIO3 0.002 0.005 0O.085

PFICI WENS- FK4 BLANK 2404-031

AVERAGE VALUE 3.*19 0.1947 47737,
STANDARD DEVIATION 0.005 00001? 5060.
COEFFICIENT OF VARIATION 0.001 0.004 0.106 Ccnpvaxing average strengtho

of'sey.'eo fto.-031- And*033
SPEIPNSFRO DAP ZA4-SSvm 0.026 -
s~tc.'ks PRN DANA 404031Cannot conclude average

-strengths are different
FAVERAGE VALUE 3.10S 0.2994 47802.

STANDARD DEVIATION 0,'006 0.0021 2928.
COEP7ICIENTOP-'VARC :10' 0.001 0Cos 06061
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TABLE XVIII (CONTINUED)

SRI $ONSC ?AACT l[
A Um SPECI41 TST 5 NESS BULK VELOU1TY LOAD At FRACTURE LOCATION RIPALKS

hu15E2R m1 8EP T[4P 1AIr DNSIT1 IlEFICRO FAACIUff SIKCSS IN. F to"
EGR F P5|/SEC G/Ce1 sic POURDS PSI HZC4PAX

VAC"INfO 81 COONS USING Sil SPECIFICATION$

F0714 2A04:02:CO1 10 i000 3:807 o9le 79.70 4220. 0.001

F-664 2A 0 -024-CO?).ell 001911 92.50 51720. 0.25040.)?S (Shal~ow 4 oil void))
F-666 2A0'-024-C03 3.811 0.3979 IS.75 48240. 0.3) 2 31i void - subilu.fece
F-477 2A0'-02€-C04 3.812 0.3f78 63.25 25310. 00001 3x4 tell void - 4 all8 deep (CtWdIth not Lo-
r9640 2004-03..-C0 3.814 0.3955 79.40 44500. 0.300 3 all vold - Calls eep eludedn

F,-11 ZA14"02',-C08 .81 0,3994 I.25 ,6170, 0*200
F;;146 2AO4*O24"€07 3.012 0.3972 '10.50 $0400. 0.100

F:6:s'A*4oz5:Cl a 170: :300 25-21 rue sdfcenfinisF-665 2 0,-02)-C0! )8:11, 0,40039 10,00 .10 0,1 52 IL,.€ n

90 00250€02 $ $16 008 S00 4270. a2a0 (' er) od)r::611 2AO40-COI 3:t2) 0:4046 90:2: 502190: O:SQ*
F-660 A06-025;:C04 3 , I 0 400 ) AS 7 4.1 a 0,lo0

f-69. ZAO4-32 -COS 3.14 0.3992 87.0 40850. 0.150 25 e rl oid)F-731 2A04-32f*C06 S.116 0.4016 TWO) MlO. 0.250

r-69I 2A0::025-C07 3:81 0.3979 i:7 49100: 0.100 3x2 void 3 ais deepSF6:4 2A04-020-C01 3.792 0.397) 6$#10 521180. N2#0

F-722 2 A04-02e-CO3 3.110D 0.986 l0r00 50450. 0.250 (3 ol void on c4843er)
F:-89 2t40028- A 3:79? 0:,076 0.085 46970! 0.250 13X2 all Void)
-693 Z04-2 C, 5 792 a 5 92 so 46S 5 0.50 23-25 004 surface f W an

F-691 260402e-Co 7 0 100 0:3942 7:75 441600 0:120
F0675 2A04 0407 CO7 S.01 0.979 81.7 43240. 0371 2 all void a poroul d eep

(3 oil void)
AVERACE VALUE 1:1807 0,)9| 9 "I s:
STANDARD DEVIATION 0*01| 0 007 OA

9-7 CF 2A0C-024-N11 C.F21 0.A01 94.2 03390. 0.0#0
P-716 2A04-024-C12 37017 0,400 76.75 43400. 0.001
F-761 2AO':024-C1? 3.007 0.3902 09.2) 50200. 0.330 (3 si voi) 2225 ru Suf&O finil
9-869 2A04-023-14 3,817 0:4047 8015 43690. 0100 3x nil void 3 4il1 deep
9-670 2304-025-100 3.822 0.4000 33.75 a7ll0. 0v1o0 (3 o void)
F-67T 2A04-023-C09 3.82) 0.4016 89.72 69850. 0.220 (43 911. void)
1-679 2AO*-032-C10 3.24 0.4028 71.25 40820. 0.200
F-717 2A04-024-C11 3.68 0,4039 7200 $0,00. 0.200 2 il void) na srcfinis
F-662 2A04-026-C14 3.017 0.3992 91.22 31740. 0.300
F 63 2A04-02-C13 3.8127 0*404) 7.25 40830. 0.200

F-641 2AC4-022-114 1.819 0.3902 92.75 $5310. 0:200 28-30 rug surface finish
F-648 2PO-028-C09 3.792 0.4009 74.00 41830. 095 3 ll subsurface void 0.01 from fracture oLt
f'?|8 2AO0-026-CI0 1.402 0*1950 93.00 01740. 4.$S000.175
F-71? 2A04-02$-C31 1.716 0.3974 68.21 4#170. 0.100 (2 mi.void)

F-706 ZA04-0?SCI2 ,*9 0:96 00 $1~0* 0.0 0
-701 2A04-02 C€13 2 757 0 39O 0 9*Do 4bl00. 0,210

P-708 2A04-020-CII 3.792 0.3971 87.50 49270. 0.001

AVERAGET VALUE 2.812 0.3940 47614. CcePered to UPeOieAD Vachined
STANDARD DEVIATION 0.013 04001 462$. -by Coors using SRI specific&-
COEFICIENIT OF VARIATION 0.003 0.007 0.017 tions

t 0.665
Sannot concl ude average

*trongtha are different

AVERAGE VALUE 3.815 0.3969 44238.
&IAMOGARD OEVATION 0.004 0.0030 400.
COEFFICIENT Of VARIATIONT 0.001 0.007 0.099 Covearing Average stregths

of spe:uems fatn 024 and 025
0B 0 t - 0.003 # - 25

SPICmI41 FRM SLNA 1044021Cenot oclude average
-*trengtbs rA different

AVERAGE VALUE J.el* 0,4014 41$2.
STANOAD ODIV/ATOtsA 0.006 0.005, 4336t
COEFFICIENT Or VARIATION 0#001 0.004 0.088 Comparing average etrehgths

of apsci.&An frOm 025 and 021
SPECMENSFRONSLAM2A04028t 0.2R8 # 26

C Cannot conclude aeexage
A8trengthe Are different

AVERAG9 VA).U 1.704 0.07 487.

$TA 1 DAO D V |A T . 2 570 01 0 3 01 420os0
COEFFICIENT 0 VARIATIN04 0.001 0.00 006 Comparing average str ths

of apftimsen frog 024 and 029
A 1.277 0 - 25ALL SPECIRENS4 04(1EDBYCON Confidence level <905
Cannot conclude average

AVE0A#E VALUE 3.809 0.2992 47710# -s.trengths Are different
STANDOARD DEZVIATION 0.0S 0,0029 4294. Cowpared to specimens maftin*d
COIFIFICIEIT 09 VARIATIONO 0.00) 0oca7 0oast by SRI

t -0.257 -65
Cannot conclude average

.strngths are different
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18 TABLE XVI7II (CONTIrNUED)
IONIC FRACTURE

RUN SPECIME4 TEST Slags$ BULK VELOCITY LOAD At FRACTURE LOCATION 1I0JAK5
NqJMER NUMBER TEP RATE DMSTY IN/MICRO FRACTURE STRESS IN. FROM

DCGR F PSI/SEC Gx/CM@*$ MC POUNDS PSI MIOSPMA

NACHM4ED BY i AND W PRODUCTS USING SR| SPECIFICATIONS

! F-775 MA-241W $OI 70 5000 3.02 0.404 66.23, 40010. 0.390 2 ail void Naar cbera
F-800 2Ao-RqV'S02 3.824 0.4070 79.21 479z0. 0.200

F-E02 ZA04R9W'S03 3.826 0.4069 4.?7 39080. 0.3$0
F-77O 2A04-ROW$30S 3.27 0.4044 70.75 42610. 0.100
F-760 2AG4-Rew-5 2.02 0.4041 73.00 42440. 0.350
F-Is8 2AO*4-RO-506 3.817 0.4107 7S.75 44900. 0.400 4 PiL1 void - 4ial deep
F-i4 2A04-RQW-S07 3.60? 0.4024 19.30 41140. 0.050 9-12 me Surface finish
F-742 2A0a-Rft-S03 1.792 0.401' 82.7S 46940. 0.050
F-'74 2AO4*R-U-S09 3.10O 0.4121 73.78 44600. 0.200 2 ail A void
F-776 2A0*.-*W-SIO 3.798 0.407S 80.00 41460. 0.200.0.400
F-7$5 2AO4-Rfi*311 3.805 0.4059 7Z.00 435200 0.130
F-ill 2A04-R*OV-I2 3.420 0.003 79.25 48030. 0.150
F-797 2A04-ROW-SI3 3.795 0.403S 31.00 3080o. 0.400 21 all Irregular Vold - strength not
F-794 2AO0-R*V-S14 3.419 0.4073 74675 4 O210. 0,375 include i averag'
F-179 2A0-R*O*531 3.823 0.4097 7 823 473 0. 0.100

F-77? 2A4-R4W6-S16 .811 0,4o9 77.23 40720. 0.400
F-791 2A08-RW517 3.824 0.409' 82.00 49590. 3.001 10-12 rn Surface finish
F-790 2A4-RW-SS 3.417 0.4074 77.73 47120. 0.230
F-7#7 2A04-R0-59 3.625 0.4080 89.25 41790. 0.110
F-764 2A04-RO'-S20 3.023 0.4019 80.00 4640. 0.250 2 il, Subsurface void

AVERAGE VALUE 3.614 0.4072 45431.
STANDARD OEVIATION 0.012 0.0028 3191.
COEFFICIENT OF VARIATION 0.001 0.006 0.070

MACHINED By R AND w PRODUCTS USING ON SPECIF:CATIOKS

F-774 2AO0-'#W- 21 70 000 3.792 0.4060 60.2 44920. 0.150
F-793 2AO4-R*W- 02 3.06 0.4040 01.2 4160. 0.300
F:799 2M3-1W- 01 3.816 0.4069 77.75 3490. 0.1$0 Sha ol 4 nil void
F-795 2AO4-R d- 04 3.020 0.4044 82.00 48150. 0.30
F-7$1 2A04-ARW- 05 3.610 0.4040 77.50 43380. 0.200 11-13 ma surface finish
F-796 2A04-*RO- 06 3.814 0.4078 88.25 40370. 0.300
F-710 2AO8-ReV- 07 3.006 0.4051 82.7s 46320o 0.100
F-*,i 2A04-R#W- 08 3.811 0.4072 81.30 48050. 0,200
F-166 IA04-Rev- 09 3.781 0.4014 13.25 46710 0.001 3,sil vo14
F-7?7 2AO8-R*W- 10 3.790 0,4021 16.00 45130. 0.0)0
F-792 2A0'.R.V- 11 3.808 0.407t 82.23 46130. 0.150 IS ail v!.d - 1.5 Below tension
FI 2A04-R#W- 12 3.807 0.4079 82.75 46390'. 0.5010.37S 8%srface|

AI AO0-Rew- 13 3:802 0.4071 11.0 41330. 0.001 3x2ail'void - 2 ails drep
F-771 2A04-Rit. 14 3.796 0.4055 67.00 27300. 0.100 Debris & deviation of crack but
F-769 2A0&-RAW- 15 3.806 0.4117 40.50 43130. 0.250 no flaW
r-747 2A04-.V3- 16 3773 0.4060 79000 43700. 0.300 2 nil void
F-766 2AO4-R*W- 17 3,195 0.4083 79.00 44220. 0.130 13-15 2= surface finishP-765 2M04-ReV- 1# 3.822 0.410? 73.25 42370. 0.350 43 il void - 4 ailm doep

F-764 2A30-R*- 19 3,828 0.4090 71.00 19900. 0.150 FS il void on tnVsion surf-a,
F-763 2A04-R*W- 20 3.821 0.4110 7300 41280. 0.200 max dimension 12 ils subsurface

L atrngth not included in average

AVERAGE VALUE S.105 0.4068 44564o omparod to averago trenIgth of apecimens
STANDARD DEVIATION 0.014 0.0036 2517. m.mchined by R & W Froduct usina 651 vceci-
COEFFICIENT OF VARIATION 0.003 0,006 0.0)6 ficatio.s,

- 0.6141 * - 37

ALL SPECIIENS HACHIMEO BY R AND w PRODUCT& Cannot conclude average strengths are

different.

AVERAGE VALUE 3.809 004070 44659. oered to overage strongth of t cmns
STANOAR DEVIAtION 0,015 0.0023 3661. clnod by Coors (sane fired bla .8G)
COEFFICIENT OF VARIATION 0.003 0.006 0.061 t - 3.7511 # - 76; confidence level ) 99

Average strengths are different

Comqarad to avarago str4wth of tpecifens
..achid by SRI (different f' I blanks)

t - 2.605 # - 64; confidon level -90t

*verage strengths are different

Note,

i. Flaw description enclosed In parantheses raeft to the largest
flaws found at locations within the region of high stress, but

away from fracture*. All others wera on fracture faces.
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092. -SONIC FRACTURE
RUN SPECIRER4 'EST STRESS BULK VELOCITY LOAD AT FACTURE LOCATION, AE'A1

AUW"E "b4elt I Cup RATe, tthslIT0 IN/MICRtO FRACTURE STRESS MN FROM
DSOR F PsI/sec WNCM") Ie, POUNDS PSI MIDSPAX

NO10 4ATMENT

F-4504 )334t0.1-14A 10 lo00 1.830 8.4101 92.00 $24810. 00100
F-656 SA09-001-140 31.847 0.4101 17.00 43200. 0.10

P-8 A09.081-11C 3.430 -0.3933 90.7s! 50670.- 0.00
F-457 3A09-062-14A -3.330 0.6001 $$.s0 '7040, 0.100
J'.446 SADI9.08-25~ 3.835 0.4031 88.00 41910. 0.300
F-44) )409-087.04C 3.946 0.401) 89.00 4,840. 0.0
r 46) 1600.0884-134 3,802 0.4033 49.30 3010. 0:310 '. 3.9 U4
r.466 3A09.084'026 3.839 0.3996 90.00 10020. 0.IS0
r.451 3A00:;084-2)C 3.839 0:3957 880* 4680. 0.z0o

r-e~~~~~8 108042C384 044 800 4770. 0.375,

AVEPAGEk VALUE 3.635 0.40;i6 47712.
STANDARD DEVIATION 0.014. 0.0054 Sill,.
coEFVicl[NT OFPVARIATIA 0.001 0.013 0.079

LAPPED P9I10870 HYDROGEN REVIR ING'

V.-452 3A409-081-284 10 1000 3.041 0.4071 01.04 37370. 0.2W0 43 x 6 nil void In trrqture.
F-'14 3A*9F.001-IIC 3.844 0.4008 47.00 40430. 0.100 LStrengtl. not Lneludedino aierages J
F.449 IA09-051-14C 3.849 0.4008 84.0 43600. 0.0 88 aSufefiihfrV15 JACI-081-24C 3.445 0.4055 14.20 43000. 0300 tre firing 1-2 rtm, Were refiiin0';-404 1409-042-11A S.444 0.4025, 70.21 49660s 0.100V4?0- 3A09.067-27A 3.826 0.4063 49.00 46260. 0.200,0.1k00
F:406 3A39-012-236 1.030 0.4031 81.00 41120. 0.300 S-7 ras Surface finish %fteTrVefirJ.Dg
f-13 SAOP-084-24A 4.853 0.3903 99.0 38190. 0.100 .S. - 3.3 1j, 2x4 nLI'l 'iin~fracture
F 444 3AU9-084-12A 13"8 0.4035 5440 330.0. 0o10 so3S d. vuid in high stre on region)
F:461 3A09-084-21C 3.400 0.4033 77.00 11710. 0.200

AVERAGE VALUE 3.443 0.4023 43419.
STANDARD'DEVIATOA. 0.009 0.003-6 1309. Coapared to Spenimne withi Mo
COEFFICIENT OF VARIATION 0.002 0.00t 0.120 -rsifn t'--3;473, # - 17

Cnno1l 3 J0oueAverage Streagth&
HYDRIOGEN REFIRED

F-447 3609-081-21A 10 3000 3.844 0.4009 70.00 41800. 0.10
F-401 W49-061-233 3.431 0.3988 80,25 4160., 0.000
F-411 3A09-081-21C 3.40S 0.4053 78.750 44090. 0.31$0
F-412 A409-062-17A 3.824 0.400) 80.00 41300. 0.250
F-40 )AO9-012-23A 3.134 0.1603 86.25 48300. 0.100
FV.442 3A000082-24A 3.841 0.4025 73.15 412$0. 0.20 , rg ~po Eg. rnt oF-410 3AO9.062-23C 3.90* 0.4013, 91.00 1130. 0, 0 iLnoluedCipo 4 * Avrgst hno)
F-405 3A09-08'-21A 3.802 0.3982 19'.75 44780. 0,000 o..* .gF-416 3609-084-238- 3.8140 0.4033 80.10 46180. 0 .20 0 ..- 3
F-416 309-064-12C 3.829 0.3957 74;00 40460. 0.00

AVERAGE VALUE 3.5$7 0.402? 45388. ccpie to specimwns'vith No0
STANDARD DEVIATION 0.010 0.0032 3)63. ?eaent t .- 1.273, *-17

COEPZCINT 0 VAIATOI. .00 0.08 0074Cannot Conclude Average strengthg
Are Different

x OXYGEN REFIRED

F-1,03 3AOP09-1-24 70 0000 3.031 0.2996 84.00 41080., 0.200
f-404 3A09-001-118 3.3.0 0.4020 84.70 47020. 0.10
F7456 34W0-28 ).A)* 0.4001 88.0 48180. 0.250
F.459 3A09-082-Ale 3.844 0.4043 179.00 44200. 0000
V-.417- SA09-082-13C 3.834 0.4079 81.50. 41*0. 0.085M
F-405 W89-082-220 3.630 0.4031 76.00, 42490. 0.0*0
F-4455 009-094-135 3.841 0.0900 7000 41820. 0.21

F-407 A094-04-24 3.848 0.4027 88.71 41050. 0,0000 G.8. .11
F-409 3A90'-3 .840 0.3914 69.00 38120. 0.000

AVERAGE VALUE 3.839 0.4021 44452. Cospared to ipeeiwna.vith N~o
STANDARD DEVIATION 0.008 0.0032 2926. Treatment t .1, 4 - 18
COEFFICIENT Of VARIATION 0.002 0.008 0.045 Average Strength* Ax* Different,

Confidence Level' 9 S&

ALL 3040 WENS FO OLAME 3A09-031

AVERAGE VALUE 30e40 0.4030 406113
LSTANDARD 00EV;AYZ~t$ 0,008 0,0048 I9'l02l,.6. *.2Sregh

COEFVICIE4Y Of W.RIATION 0.002 0.00 0.6 'Comparing Specimens from 081 and4

ALL 3.PEIRENS LI!OM BLAI6. SA09-'082 are Different

AVERAGE VALUE 3.0314 U.403ek80.Cmai~ peiesfc 0 0
STANDARD bEVIAIICIj 0.019 0.0007 421. 034 4 * 1.731,v* 0 c 05 24 d
COEOLVICIENT Of VARIATION, 0.I02 0.004 0.070 Average Strenqths are Different.

Crntidance level k~0%
ALL SPECMERS FRO" PLANK. I4*9-084

AVEPAGE VALW' 3.841 0.4*04 44G09.
STANDARD DEVIATION. 1.014 0.0030 4996. comparing Specimen2 -COM 882.
COMMI(ENT Of VARIATION 0.03 0.001 0.111. And 080 t - 1.566, # - 24

Confidenoa level - 804 CanNlat
C aclde Average Strengths Aa

Different
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SRI bOtlIC FAACT?1M8
RUNo SPECIMiEN 705T STRESS iULK VELOC ITY LOAD AT FRACTURE LO0CATION RCMARAS

MJU8IfR toutoll 7ZF RATE UktSIT? INt4ICRO, FRACTURE ISTRUSS 'IN.PROM
DIOR F PShjStC -OR/CHOSS SEC POUNDS Pst HIDSPAN

VACIAM OR1(0 AT 2000 DEGAZES-F AlSO TtSfZE00RY

F-736 SAI0-027-AIZ 10 8000 S.823 0.400 73.00 &08to. 0,100 3 311 porous area,
F-742 SA10-047-A22 S.830 0.4016 88.75 20160i 0.050 6 x 4 mil'yvoid an dhaaleg
F 725 -3AIC-087-ASI S.832 0.3991 91.23 31100. 0.4*0 3 311 porous are&
F-734 OASO-057-!AA6 1.844 0.4014 83.7% pbs0o. 0.300 porous area
F-723 3AIO-087-314 3.843 0,4033 109.50 405:0v 0.33O04400 iivo14 atead, fracture
F-724 $A10-*481-8Z1 t.832 0.4.028 74.23 41290. 0:200 5 mi. porous area
F-731 3A104037-822 3.826 064019 93.50 33320. 0.00 2 ml3~yoid
F-737 SA10-067,-52' 3;S33 DionZ 'T4.00 52120. 06340 2 ml Void,1/2,il b.elow tenaionarTfacm
0-7)2 010-087-A32 3.821 Q.4027 67.10 48440. 0.050 2 x 3 .il vold
P-726 3AIO087-513 3.930 0.4003 98.75 34240. 0.030
F-740 3A10-087-042 3.624 0.4010 90M3 350 0.200
F-730 1A1O087-1343 3.829 0.001 102.30 57450. 0,.Z00
F-729 )A10-0874351 3.123 0.4014 77.50 43350. C00 6 x 3 glassy Lnclazid porous area
F-726 3A10-087-162 3.642 0.4039 90,72 $01700 0.130
-734 3A10-DOI7C23 3.832 0.4025 97.73 34570. 0.030 3 x 2 void

F-727' 3A10-087-033 3.831 0.4000 74.75 41860, 0.300 debiat'fracture site butt no identifiable flaw
F-733 3AIC0C87-C41 3.8132 0.4003 94.00, 32440. 0.200 3 MLI1Void
F-735 3A10-087-DI2 3.832 0.4000 9..00 $510. 0.1s0 3 x 2 mil void
F-761 IAIO0087-042 3.824 0.4900 101.30 56160. 0.100 Shallow S5z I-allVoid
F-7)9 S&I10087-D51 3.84S 0.4032 100.75 36330. 0.200 3 3i1 void - I 311 below nsin surface

AVEPAGEcYALUE 3.332 '0.4016 577
STANDARD DtVtATII04 0.009 0.0016 3382.
COEFFICIENT OF VARIATION C.002 0.004 0.109

VACUUMt 081(0 AT 2000 DEGREES FSTONEO,' WEEKS- AT 100 811

'F-749 3A10-007-!A. 10 3000 1.833 0.4030 87.25 46420. 0.300-
F-746 )A10-087-A33 3.830 0.4001 85.00 47430. 0.100
F-148 3A10-007-A42 3.063 064030 93.7s 1340. 0.100
F -74a 7A10-087443 3.835 0.4037 81#00 43380. 0.200 .?orusareatl
9-753 3A10047-844 3.832 0.3991 84.50 44370. 0.420 2-3 &LL crad&C7)
F-747 )A10-087-5!4 3,930 0.4030 719.23 43340. 00230 6 311 irregular void
F-751 3AIO-067-064 3.825 0"3999 74.23 42700. 0.230 porous area(?)
F-761 3A20-08-011 3.841 0.4035 80.73 43130. 0.373
f-756 3A17-087-C14 3.847 0.4035 91.73 37200. P9100
F-760 1510.487f-024 3.836 0.4032 83.23 66410. 0.130, 2 ail. void
F-750 3A10-067-02 3.829 0.4017 77.00 '43640. 0.300 4 mil. void juot below chamfer
r-754 1AIO-037-C62 3.832 0.4035 84.75 46600. 0.420

F75 AI-A-C33.831 0.4032 84.00 .4140. 0.i20u 2 313. void uoar,.nmftr
F-15 I.10-047-011 3.840 0,4017 82.00 411006 0:200 6 X'4 void at clie.,fcr

0-758 )A10-047-A20101 3.489 0,4014 11.00 4749. 0.300 2311 alld osails. d
r-7&2 3510-087-872 3;825 0.4030 79.00 44100. 0.130 rotrer-743 IO-087-023 3.830 0.402S 8107 3520. 0.300 ni~vdtnett ufc
F-757 IAIO-087-031 3.838 0.4024 7so 4s 00 0.130 332 ai ood ar4eia ea
9-752 3A10.087.473 3.$30 0.4020 74.23 42830. 0.0 3tol o3d t ha0

F-759 3ALO-087-DSZ 3.848 0.4037 70.0 3940. 0,250 4alirglrvi

AVERAOGE VALUE 3.833 0.402) 44330
SlANDAAD DEVIATIONS 0.008 0.0013 32*.
CO!FFICIENT OF VARIATIO'l 0.002 0.003 0.064

YACUP DRIED AND TOED AT RLY CLENE NO VN DORI2 E

F-645 )410.087-613 70 $000 3.829 0403 72.00 4240. 0.300 42 nil4 oid - 4 oil dep

F-472 SAI0-067-83' 3.824 0.4020 12.00 43370. 0.150
P-710 IAIC0307-C1 3.037 0.4037 77.78 43260, 0.371 .2 oi tc0ne
F-658 3AId0.067-S23 3.30 0.4030 83.23 4780. 0.250 3alvi 4al is
F-712 )A10-087.404 3.030 0.4030 74.00 41030. 0.300 3 ail porou areanfCrac ?
F-704 IAIO-087-C4 3.836 0.4016 87.70 48890. 0.120
9-7 IAIO- 007-1'4 3.839 0.4001 89.00 4910. 0.50

F-64.6 3A1007-43 3.829 0,4030 73.70 413204 0.200 43 ail vid urf iledoep
r-72! IAIO-087-053 1.043 0.4033 83.75 4890. 0.20

AVERAGE VALUE 3.833 0,4018 44309.
STANDARDI DEVIATION 0.004 0.001' 3129.
OOFCFICIEOT OF VAPIATIO4 0.003 0,00) 9068

yACU-DREDANDSTRIO T R6KCO~tION FR221EK



TABLE MXI

ENVIRONMENT STUDY' STATISTICAL COMPARISONS

No. Average

Treatment Treatment of strength, 'Standard,
No. Dscrip ion spec psi deviatio

1 Previous evaluations
frbm, this blan~k 26 47,890 3,78

Dried in vacuum (2.1 )
a't -18006F ior '2 hours
stiredin desiccator with

2 relative humidity >0.2% 20 50i798 5,581
for t 'weeks. ' Evaiu ated
in dry nitiogeii atmosphere

Dried in vacuum as above.
Stored in desiccator with
relative humidity. = 100%

3 for two weeks. Removed 20 46,230 3,119
frbm desiccator one at. ,a
time and evaluated at lab
conditions.

Dried' in vacuum as above.
Ultrasonically'cieaned, i0_ 4439 ,2
and ov'en dried at 235F 1
.(Usiii lab procedure

Dried in vacuum as above.
Stored at room conditions. 10 45,074 3,129
for two weeks and evaluated

' , Degrees of
Treatments Student's freedom, Confidence

compared t 0 level Inference

1 and 2 +2.003 44 95% Averages are different
1 and 3 -1.630 44 89% Cannot conclude averages- differ
1 and 4 -2.975 34 99% (+) Averages are different
1 and 5 -2.277 34 97% Averages are different
2 and 3 -3.195 38 99% (+) Averages are different
2 and 4 -4.143 28 99% (+) Averages are different
2 and 5 -3.594 28 99% (P) Averages are different
3 and 4 -1.614 28 <88% Cannot conclude averages differ
3 nd 5 -0.955 28 -- Cannot conclude averages differ
4 and 5 +0.528 18 -- Cannot conclude averages differ
3 and 4,5
lumped 1.541 37 <84% Cannot conclude averages differ
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.... iilc "ol 6311
,At7:l - OO-T-? - Coca 83DJB-t#?10U57.' -2 4l0ll, 4

•r. :Cco r' Ui I ,. -.ea X

112 3- IS31-A-l7 10-16-70 16 - -3n 25t - 4Q 100l3 LM Goodt~l 2-;25 44 So'"Ye StJsl 23

I CO 44 40 " GrOCA 1Is " *~

W12 4 11 131-A-71 0-,20-70 26, R,-32 '15 315J10 8 .01 Good' 2-2054 i2V yea t.1 2/ 4

11 12 31-A-7 10-16;70 16 R-31 .051 2 e ce'd xU vt.l o
I1 13 2: '131Ar? 1"16-70 It - 30 2 0 3400 13 3 .4 Good 2-46 4-6- -0 -s 50 Z4*1120 24-2 1 31-A-9' 10-16-70 '16 L-3' 2.520 411 00 13-0 3.1'5 .1 Goocd 240,54-7 50 4 ft%- 3

11 11-1 1831-A4 10-1-170 16 L,-2 2.51 3:15 1 .11 . L3.0001Good' 20 5-74 2 yea, Steel, 2 4
12 14- 1531-A-.1 10-16-70 16 - .511 X 100 1300 24-h 5-7 . . ea Steel' 3'

S016:30 '1.30
123 2 1831 41 14-20-70 16' Cinter 2.53 Be 2:00 12130 -Dsnsit 2-30 i5,7' 310 !'V"' 4'

ac.2:00 12 :30 1
12 2 1631-A-il' 10-20-0' IS Ceter 2.52 D 3 D-,3O 100 -4Go 2-30 '5-7 No 'Yea Wt'eC 4

Sn-2: 1200 1 1 -C I - , t
125 30 1831-A-il 10-20-70' It Cater '2.41 a=82:30 '1,30 1.83' 3.735 towv Dinjity' 2-2$ '3;5 1' .7 Soa Yes' tur 4'- 5

12 1131-A-13 10-20.10 1s5E1-6 b~3'. 0:0-7:15 3.84L' ' ,Gol 2.25 5-? yes No 1-kb r 5

127 22 1831-A-1 10-20-70 16 L-4 2.47 3 9:00 7M0 3.54 LUG Good 240 5-7' 4' 708es NO D+bbr S -S
M~R Bar*

11 EP E E +E 31 3E' 3,,2I.;.§ .....

Green5

131 3023 -

132 -1 'pe-e 10-16-70 1L6 -1- ' 400 - LM.. 3.2 aa 8.0 Steil, - 2

14oar031-V.0:0021:0071-(3-067-- 6-0-10....05,80-- 1---5

133 1-5Mc 10-21-70 15 a-. TV -:00 .7:00 -- - .-- 3 ' ..o ys steel -

130 2604-2c-10 51-10-7016 - 15 :09 00 .... 3.:29 5. .e Stoel 2'

1- - -- pr1o:3 .- f'.3 It ' T 15 -.. .. . .. .. . . 2
,137 5- 1333.-A-S 1-C-7'i L-OC 2.5 2s- 1:0 sle3~5 3.775 3.423.o-----------------

310I~

4 o-s 2-13-71 L r- 4- 30I 1 3..7 . . '.' 30 .... -- 0

31

133 19-3I'c 1031A- -24-71 srf VW Cb-------- -2:00--------Vae yc------------s- Sto2t -

. 1'
140 4i 1031-Al- 2-2 4-71 CL-SO)---------:001 -.... .... ...-- --- 2

14 -13 pre1-A7 2-2-71 (1-SO .55 TY 2:00 OO 3..- 5------------------

31 0

142 - 1831-A 2-24-71' CL-SO) --- - 0 -- . 5 3.7 .5 . . 3.. .. . . 3 .

31 13

14 1831- 21 3-71 (L-5) - .54 .00 *13.0.0 3.77 .6 3.5 .'. 3- 0

31 0 '

145 13-3' 1831-A? 2-24-71 CL-SO)---- We-,3 -- -.....-- Vis
31e-I .

2. I

146 14-4' 1031-A9- 2-24-71 CL-5O-----------2:00, - 3.80 3.6-- - -- -

31 F0 3891.9

142 16l 11131-0-5 2-4-1-(L50 . 11=00 ... 3.5 2 .. . ..

147 '16-19 1831-Al9 2-24-71 CL-SO)-----------1:01- -- 3.03 -- - - ---- -- -
31 81

146 '16-21 1931"A1 2-24-71 CiL-5O) 2.50 - 5130 -- 13.09 3.70 -- - .8 3.1----------5

31 0 1s
146 14-03 103L-A13 2-2-71 (-50) .5 2:00 123'3.871 3.95 - -- 3. 4.-------- -

31 0 51
150 '16-14 1931-A3 4-2-11 (-50 -- 134--600 1 .803.6 - - 6-------------

141 '16.52 1031-AL3 2-47 (-0) 2.50 -. 2130 -- 3.900 3.865 2.8 3.1 .----------

152 '16-53 1031-A23 - - - 2.5 --1:00 123 13.371 3.795 - 3.63 4.2----------S 'I

153 '1-54 183'-A27 .. . . .64 1:007 -- 3.5 3.6 5 7

Noteas

1. Vacuum vas used wlth rubber shell only
2. 5.'RC, LC, Lagdegnatea right, right center, left center, and left
3. 5, SC, SCO, MR0, T, designates bottom Iotton center, bottoa cantar front, bottom cantor t#r,- and top

WfV. W, TV, onnes placed and read in this order; in front of V refractory on botton, to inar of V refractory on botto%.

and on top of V refractory stoc, on top of Car

4. Dnalty test! run on a place cut-off 'froos the part after firing, except on 1831-A-1. 4 sall disc vee fired along vith
the part

5. All-pars preod at 30,000 poi
6. Density by weight and micrometer measurementa, except as noted by 7
7 Density by iusertion
S. XAEWS5 aterial, which is'& Mixture of 3 parts of =2Dg97A and Z parts of PS-144-1
9. XAD997C materil, vich is a mixture of 2 part. of XAD97A and 3 parts of PS-144-1
10. Klxture of 1 pat of XAD997A and 4 pnrte of PS-144-1
11. mixture of I part each of 1S-144-1 end PS-176-5
12. 1006 PS-144-1
13. P5-144-1 and 1S-176-5 were made from the identical poWer used for X31A97A, but usead different binders
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TABLE XXII
rL1XXURE'STAE2xGTH OF "71REO TO SIZE MACRO SPECUMS

/ SRI SNIC FRACTURE
RUN SPECIMEN ftST STRESS BULK VELOCITY LOAODAT' FRACTURE LOCATION REMARKS

NMBER lUMER TERP R4E DE3o TY IN/MICRO FRACTURE STRES' 'It.,FRO"
(DER'F PSI/SEC GM/CM**3 SEC POUNDS PSI: MI4SPAN

- S PRE53EO FIRiTfIRIftG.A5'?REO SURFACE

F-'519 -14R-131-49 70 5000 i.952 0.3962 75.50 54650. 0.i300..50

f-520 M0A-131l-65 591 0.3972 60.75 27520. '0.300'

AVERAGE VALUE 3.855 0.396T7 31084.
STANDARD DEVIATION, 0005 0;0007 041.
COEFFICZENT-OF VARIATION -0.001 0.01X 0.162

GREEN kiA'XiNO FIRiT- i3RIN4rAS' FIREO,'SURFACE'

f-524 -OR-121-04 70 '5000 3.869 0.456 68.00 36470., 0.150
F-523 NOR 129-26 3;646 0.4049 '90.90 41730. 0.250

AS12 SSM O 0FiiGSIR07F 3.W 4035~ 77 00 39700. O~OD
AVERAGE VALUE 3.457 0.6039 39299.
STA O OEVIATIC1N O 012 0.000 2S2i

59FICE4-O AIAIN 0.13 0.002 0.067

AS PRESSED 3ECOND.FIRINGtA$ FIRED S0FACE

F521 NOR-13486 70 $000 $.894 0.408 84.50 23840. 0.200
F-325 M0R -231-88, *9 06C 00 ,73.00 34260. *0-100 . S1p

F-522 l40R-1 39 3.s9 0;4025 67.00S 3790i 0.00

AVERAGE VALUE .993 0.4036 060,.
STANDARD'DEVIATION 0.004 0.0016 320.
COFFICIENWOF VARIATION 0.000 0.00 0.096

GREEN ACHIh SECO D FIRINGOAS FIRED SURFACE

F-26 NOR-133-72 70 5000 3$99' 0.4125 84.20 46840. 0.200
F-27 MORS-3353 30903 0A043 70.00 37900 0000

AVERAGE VALUE 3.827 0.4083 46470.
STANOARD DEVIATION 0.004 O.005 1 3200.
COEFFICIENT'OF VARIATION 0.001 0.014 0.102

S MRE ACHIED FIRST FIRING ACH|R O ALL OVER

F-539 ORO-12P-06 70 00 3.86 0.4060 6.10 6360. 0.200
F-S"5 MOR--130-3 3.829 0.5987 60.00 5064910. 0.200

AVERAGE VALUE 3.827 0.4023 49490.
StANDAR DEVIATION 0.003 0.002 3040.
COEFFICIENT OF VARIATION 0.000 0.002 0.020

AS PRESSED FIRST FIR IMACKNE ALL OVER

F-579 MR-131-7Z 70 5000 3,866 0.3952 69.60 0660. 0.250
F-5$9 MOR-132-51 $.420 0.097 64.0, 49890. 0.050 .S. - 5.2

AVERAGE VALUC 5.816 0.499 4992.
STANDARD DEVIATION 0.007 0.004 05.
COEFFICIENT Of VARIATION 0.001 0.009 0.020

GREEN SACHINED SCOMD FRIGMACINtED AL OVER

F-191 MOR-13-TS 70 5000 3.666 0.40907 4.610 4730. '0.400
F-570 NOR-131,48 5.89 0.4021 67.0 4920. 0.20
F-592 MOR-133-82 3.71 0.405 64;60 46800. 0.00

AVERAGE VALUE 3.S86 0.4060 46216.
STANDARD DEVIATION 0.n0? 0.0029 096.
COEFFICIENT OF VARIATION 0.002 0.009 0.044

AS PRESSED SECOND FIRINGOMACHINEO ALL W ig

PF;*88 MOR-134-91 3.166 0.4048 72.00 5 2i . 0.1$0
F-i94 1OR-134-96 3.361 0;4101 07. O 41970. 0;000

AVERAGE VALUE 20457 094061 45216s

STANDARD DEVIATION 0W, 0.0034 4106i
COEFFICIENT or VARIATION 0.002 O*O06 0.135
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0530005 LoTW-70-LOT 3Z95GoO5clux.-TY A~ UPPVD2 A =MY

341 SOIC FRACTURE
*04 II~ TEST91 0139 S 2VLK1 80.0 VILOCI TV LOAOjAT FRACTURE .0A1 104 aem""Z0

Nua16 "SBIR It"9 6411 0EN1ITY 2*092(60 *0 E STRES JR 10310 2.'10
00065f PS211CC G"1C35'3 'SEC P131510 005 MIOOM

F-544. 28A7..117-01 70 5000- 3.794 0.3*63 -74.00 42230. 0.300
5.354& Z407-117-132 3.794 0.191 76.00 42)10. 0.009

.3547 0J-I.3310 0.99 ...0387. 0G400'
5-4S 2A;7-07-9 3.604 .3*79 *4.0 11,0 .0 .. *42I

49010001 VALUC 3.400 0.3977 42176.
STANDARD0 DEVIATION 0.007 0.0010 4033.
COEFFICiIN4907 VARIATION 0.000 0.003 0.100

r.40: 2403 110-01 10 0000 3.801 h~j99$ '64.73 47940. 0.00
5-604 ZA T:140-.02 3.909 0.593Z t3.00 5000i0 0.300 0.0. - 3.4 Iu

5:614 207140-0 3.61 C,3006 81.30 46040. 0.00
f109 2AQ7.140-04 3.09 0.6 Se 6.50t 33343. 0.100 (Flaw very J" I sospacted but w.as

not datactab.lI c~ tbo fractas.

M919400 VALUE 3.906 0.3930 44471.
STAlsOAR3'OOVIA7ION 0.003 0.0039 -7113.
COEFFICIENT Of VARIATION 0.000 '0.001 0,11*

6.0 al void in fractusre. s t0.it

FrSS0 2AQ03141-03 10 5000 3.604 0.3*37 46.80, 38170. .00 .not Issalodtdiav"ag.F5062 ZA07l241-02 -.79! 0.3IS3 -*3.40 48330. 4.030F564 2A40 -103 31 0.3930 6:.20 46140. 9:3$0 0.8.. 3.4 Is
5-632A1-41.0 3796 0.s3 6. 41300. 010

AVERAGE VALUE 3.71t 0.3937 43419.
STANDARD DEVIATION 0.004 0.0010 3716.
COEFFICIENT OF VAR9T0120 0.001 0.00? 0.021

F-611 2A07-142-0Z 70 0000 3.$03 0.3*,72 93.03 503$,. 0.300 0.8. 3.5
rt 581 3 IA137-1.2-01 3.793 0.3197 04.00 47730. 0.It*
F-101 2A07-142-03 3.801 0.3909 93.20 03210. 0.000
F:60$ 277142-04 3.799 0,3921 73.00 41960. 0.100 (6ml odIn fracture. 01.r~ngt.

AVERAGE VALUE 3.708 0.3962 01094. 4.0703. vrejrngsfo
Cc109 0I?0 .00 003 81 71 -140, -141, &Vd -142.
COI Mehl0? ,ARIAIIO'4 0.001 0.003, 0.057 0.123

5030 3A09-120,32 70 0000 1.796 0.4042 40.30 11. 0:.1750 1,5l id n1 1 fracture
F-411 3009..120-11 1.39s 0.4044 91.73 4020 0.7 I
F-529 3A08-120-21 3.816 0.4030 93.00 449. 0.0 .0. - 0.0 p
532 30091-110-23 3.800 0.4012 40,03 4700 0.100'
r-s333 -jO-, 3.636 0.6013 *7.70 40930. 0.00

AVIRAGE VALUE 3.610 0.4034 44974.
STNADDVAIN 0.5 0.0014 tool,

COESPICIEN9?O5 V40AIATIO 0.004- 0.003 0.111

r-593 -130.-01 70 0000 3.791 0.3994 78.O 62730, 0.'106
F507 -3023,801 0:3930 1.40 310I. 0.000 4 alil subxurface vo~dko c~Umfr area.

:S? 0 11 :1003 3 180 4 0.0 99 , 74.0 40940: 0:.0 0..-.0

1909400 945.95 3.194 0.39*9 4)33.
SAAR DVAON 0.010 0.0019 3739.

05IIIN O AITO 0.002 0,004 0.086

*5-117 SA09-136-01 70 $000 3.604 0.4041 to, , 03130. 0.230

5.3 10-00 3.8100 0".43 8. 73 .100D 0.0. -2 .2
184 349160 399 0.98 8.0 493 .3
5-379 "',11130! J.798 0.06 *.110 486410.: 2050
F590 3109-134-00 3,607 0.4011 75,60 4 ,020. 0.400

AVERAGE VALUE0 3.801 0.4033 43470.
STANDARD3 DEVIATION 0.004 0.003S 3M3.
COEFFICIENT of VARIATION1 0.001 0.006 '0.072

r.09 3409-M3-01 70 $000 3.794 0.0204 10.20 44330, 0.200
M-6 340-:)-0 3.179 0.3928 67,40 17160. 0.000

f5-0 10 01 37:03 $.?it 0.4901 74.80 40544s 0.000
V-07) 1-m l37-04 3.762 0.397? 70.40 40070. 0.20
5-000 IA09-137-05 1.1&1 0.3938 75420 41510. 8.330
I-099 3009-137-96 3.774 0.4008 78.00 40500. 0.030 0.8. . 3.98

0909400 VALUE0 ).??A 003985 0274.
STANDARD DEVIATIO0N 0.013 0.0000 IWO0
COEFFICIENT Of VARIATIONI 0.001 0,000 0.061

-59 -138-AO1 10 3000 3,334 0.3940 74.90 41000. 0.00
t-0:A12810 3.702 0.393, 72.00 40020. 0,100

5-077 ~ .3tA03 3.764 0,3940 71.40 40830. 0.030
5-07 -)0AC- 3.33 0.351 73.60 4060. 0.30

5-00 13680 3.08 0.:3933, 14 3000 0D 5 4' Vl oid In fracture.
155 -1320 .1 033 30 60210. 0.0 0.8. 3.

5-9 -M3-802 3.34 0.3981 67.40 33310. 0#)%* 4r.9 all Vold in. fractur
5.~4 -136-80! 3740 0.39*6 75.4Q 41680. 0.100

4918105 VALUZ 3.16 0.3946 41448.
S11404R3 00VIA0204 0,004 0,0014 1223.
COMrICIIO9 Of VARtIATIONs 0,001 0.00) 0.029
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TA1BLE XXIV ,(CC, TINUED)
iI SONIC FRACTURE8

RUN S8147 test STRESS SULK. VELOCITY LOAD AT FRACTURE LOCATION ME34i.49.5
W*4jf hUm.4IC tEMP RA1E I)ENSMT 2UN/0CRO PRAC TURE $11853 IN. FROM

M;0 F SI/ISC 0.ViC--3 sic POUND$ 'PSI -4105464

9-S50 3A69-14.4-11 ii; 5000 2.640 0.3968 92.10- 51450. 0.10

9-34 3409-144-13 z."'036 9.0 43. 0.030

-Ol3401-144-14 1.647 0.1161 s$.60, 47370. -0.20Ql
9-33 AOW-144-2 3.932 0.39661 81.68 4920. '018I-5 A409-144-22 3.,31 0:3 0 94.40 1 6go 330.0.400

F-549 3409-14423 3.82s 0.3935 18.60 48910. *.NO0 G.B. -3.7

F-133 3AOI-144-24 3,142 NMI91 64.20 4*60. 0.239

AVERAGE VALUE 1.932 0.395t 41372.
SAROAROOLVIATOPI 0.014 0.0013 2083.
COEFFICIENT OF 41181104N 0.003 0.003 0.063

t-339 4A11-125-01 70 3000 3.805 0.4972 84.30 4.7390. '0.00
9~~o61113-3.1 7.0M1 17.00 4130. 0.200 -u Definito difference In visuul appearance

F-341 4411-125-03' 3.11 0.3360 71.23 39720. 0.2 10 Of ct adfouter 0.10 Loch-of otaterial
-42 4A11:125-04 3721 0.3367, 72.25 04. 0)00.3J.PC~ from Goter Rateia

F:543 4A 11125-05 3.721 0.3874 70.00 '39M3. .10 4X2 3,11 Void, 4 9.Ile bii1v~t*n~jOn-Ourfacaj
U.S. - 3.7-V

AVERAGE VALUE 3.734 0.3819 42406.
STAflOAA3 DEVIATION 0,039 0.40411 333).
COEFFICIENT? 0F VARIATION6 0.010 0.012 0.079

F:-314 3413-127-01 70 3000 3.716 0.3921 73.00 641080. 0.280
5-3 34A13-1II-0 3.73Z 0.3931 70.00 39020. 0.7

F-536 3413-127-03 3.749 0.3933 69.40 38613. 0. .1. -4.7 p3
F-317 3613-127-04 3.736 0.22S 73.00 627. 0.350F. 3 F-I A13-127-0 5 3.793 0.3949 83.23 4 430. 0.130

AVENGOE VALVE 3.763 0.39.36 40944.
STANDARD. DEVIATION 0.019 0.0013 '27S2.
COEFFICIENT OF VARIATION 0.003 0.003, 0.067

F-558- 5413-148-01 70 3000 3.7$1 0.3872 73.40 62160. 0.130 6.S. -3.2. It
9,141 313-148-02 3.792 0.3864 7.0 470 ,3

9-6431316-3 ,"90361 72.20 40700. 0.330 6..-3.2 11
5-39 3A13-148-04 3.746 0.3879 80.80 63000. 0.230

0-;557 SA13148-09 1.712 0.3#12 77.40 42993, 0.200

AvERA00 VALUC 3.763 0.3171 42224.
SA4OARDDEVIA'IOM 0.003 0.0009 2900.
CCOE9ICILTT09 VARIATION 0.001 0.002 0.043

r-400 5413-141-821 T0 3000 3.799 0.3937 74.30 41600. 0.400
f-602 3413-14.9-1122 3.793 0.3933 73.00 40773. 0.300
F-607 9613-145-5.3 3.791 0.1918 71.33 3V660. 0.00
F-606 SW10:1194 3.803 0:8933 74.30 41623. 0.400 Hollow glassy boad In fracture
9-610 1 13-19,-2 IS.V92 0.39311 7$,000 41070. 0.300 6.8. - 4.2 p
F-612 3413-149-826 3.790 0.3951 80.23 44690. 0.350t..00
9-403 3413-149-827 3.798 0.3966 01.00 43290. 0.330 0.0. - 4.2 Is

AVERAGE VALUE 3.793 0.3939 42001.
STANDARD DEVIATION 0.006 0.0,315 1183.
COEFFICIENT CF /49147104 0.001 0.0C4 0,046

9-623 5A13-151-01 70 3000 3.907* 0.4177. '70.75 40200. 0.10
S-69 II1-ISA-02 3.174 0.4148 79.75 4310. 04250

F-615 5A13-13-0) 3.47% 0.4152 96.23 48990. 0.190
9-3 $413 -04 N.86 0:4149 79.711 43220. 0.030

:b,!0 3413-151-0 3.87 0.4,14 64.03 471180. 0.13
F-010 5A13-151-06 3.684 0.4144 01.23 4638). 0.200 U.S. -4.7 p
P-619 S413-131-01 3.909 0.468 39.30 80710. 0.2,0

AVERAGE VALVE 3.603 0.4133 46321.
10443090 ODEVIATION 0.016 0.0013 3344.

jC0EFFICIE4T 0f VARIATION 0.004 0.001 0.072

9-616 43122 70 3000 3.84' 0.110' 71.30 60280. 0.ID
9-6"3 SAI3-132-02 3.831 0.4095 71.79 43840. 0.30
9-634 W43-112-0) $.,-i9 0.4079 70.30 31,140. 0.350
F-624 3AI3-152-04 3.6'3 0.408$ 10.30 43330. 0.339 U.S. - 3.9 I'
9-431 3413-1 n-05 34637 0.0401 67.73 36320. 0.100
9-020 3613-132-08 3.827 0,4088 73.00 42290. 0,330
9-127 3A13-152-07 3.882 0.414), 33.79 47320. 0.100 U.S. - 4.2 ~

Second phaaa5 not present.

AVERAGE VALVI 3.646 0.4102 42491.
S TANOAAO DEVITION0 0.023 0.0031 MI6.
COEF9FICIENT CF VARIATION 0.006 0.007 0.074,

F-S33 3A13-153-01 70 5010 3.863* 0.4122* 69.00 1111190. 04230
9.621 SA13-13-02 3.622 0.4076 70.00 M071. C.230
F-43) 3613-133-031 3.814 0.4079 70.00 33780. 0.200
9-622 SA13-15,-04 3.923 0.4039 73.23 423,20. 0.000
9-42S 5610.133-05 3.$20 0.4071 A11.50 38623. 0.100
9.611 JA13-133-P& 3492 0.4079 "2.25 40660. 0.100 U.S. -3.6 so
9-626 0413-153-07 3.003 0.4113 14.00 41730. 0.200

AVeAAr VALVE 3.832 0.4C@5 40287.
STANDARD0 DEVIATION 0.022 0.0023 1430.
C09:C^fT OF9 VARIATION 0.003 0.003 0.01$

#Fairly strong denuity 4nd velocity .jradlent§ froot outer (Specimens I and 7) to Inn,,r PoteriaI.
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AV1606 DATA FOR MU~SSXON AmhLFOsi or stP.mG Visus PowsiTy, 06A14 8511, AZD GR= zxs

- Averae - o allstd 110*C to N1XA 44

Blank No. 1 Cren Firing Fired Porosity Grain IFlexure to 'rovaisty - M.5. W 3.
7

U a

1A22 .1 3., :0 389 000 . 140 5,0 349Spac. Density Parweotsrs Density SIX* Strength 043. - 3.711 0.04511 porosity -~CSIX02 20 2.51 31 12:00 3.22, 0.0404 3.5 15,450 I  50,90 49.439 .,912
2A04 20 2.56 31h , 2t45 3.804 0.0466 3.6 49,810 49,547 S1,44T 50,182
2A05 11 2.55 31h , 4:00 3.910 0.0451 3.0 49,740 47,766 49,:7 47,768
2A05-047(8r) 2 2.65 33 9 2100 3.851 0.0348 6.9 45,230 51,011 6l1491 46,789

tA06 14 2.585 31,h 1&45 3,816 0.0436 3.8 51,830 52,097 S1,174 51,438

2A07 24 2.60 31 6 2100 3.810 0.0451 3.3 49,010 47,940 49,010 47,§40
2A07-117 4 2.51 31h a 3:15 3.801 0.0474 4.2 42,176 43,219 43,007 44,071
2A07-140 9 2.55 31 0 300 3.802 0.0471 3.5 48,)- 47,674 49,012 48,490

-141
-142

2A08 21 2.62 311,6 2:30 3.813 0.0444 3.7 46,440 46,440 46,16S 46,1"5

3A09 20 2.55 311 8 2:00 3.829 0.0404 3.7 41,283 48 283 46,396 46,395
3A09-082 20 2.57 31, 230 3.83j 0.0385 . 47,710 47,956 45,150 45,383

-092

3A09-120 5 2.50 31 4 9:00 3.810 0.0451 5.5 44,975 48,547 44,975 48,547
3A09-1441 8 2.54 31 0 5:30 3.832 0.0395 3.7 48,572 48,572 46,318 46,318

-135 6 ---- 311 6 1230 3.754 0.0491 3.5 43,939 43,471 45,455 44,971
3k09-136 5 31M 9:00 3.801 0.0474 5.2 43,470 46,418 44,326 7,332
3A09-137 5 2.57 31 # 1:00 3.775 0.0539 3.9 41,276 41,697 44,475 44,928

a138 8 2.54 31 e 4:00 3.756 0.0586 3.0 41,468 33,824 46,499 44,656
3A10-087 24 2.52 311 @ 5,00 3.20 0.0426 3.6 47,0S0 47,638 46,885 46,636
UA10-083 36 2.57 311, 0 SOO0 3.835 0.0388 3.7 50,678 50,678 40,040 48,040

4A11-089 20 2.55 -- 1.775 0.0539 3.4 44,320 43,603 47,755 4,,982
4A1I-112(UI) 50 2.52 33 8 1:30 3.829 0.0404 6,7 40,920 45,884 39,320 44,020
4GA1-125 5 2.49 31 6 2:lS 3.735 0.0639 3.7 42,010 42,010 49,273 49,273

2A12-095 7 2.60 31h @ 12:30 3.783 0.0519 3.2 48,336 47,001 51 206 49,7f2
2A12-096 13 2,7 31, e 12:30 3.777 0.0534 3.9 47,729 48,216 51,210 51,733

5A13-101 7 ---- 31h 4 5:00 3,800 0.0476 3.7 42,026 42,026 42,927 42,926
5A13-102 10 2.55 31h1, 5:00 3.795 0.0489 4.2 44,337 45,434 45,789 46,922
5A13-103 16 2.54 31 6 5:30 3.804 0.0466 ;-- 46,111 -- -- --
5A13-127 5 2.47 31 , 900 3.766 0.0561 4.7 40,944 42,0877 44,948 47,070
513-148 5 2.50 31 6 5:30 3.716 0.0511 3.2 42,225 41,059 44,430 43,203
513-149' 7 2.52 31 200 3.795 0.0489 4.2 42,301 43,347 43,487 44,767
9A13-15), 7 2.59 31h 1,8 30 3.885 0.0263 4.7 46,321 48,508 39,452 41,357
5A13-1 ,2 7 2.65 31 0 1,00 3.849 0.0353 3.9 42,491 42,924 39 101 39,500
5.131536 7 2.66 31,f 1,00 3.832 0.0396 3.6 40,28 4 40, '7 5 38,451 38,249

69.4-104 4 --- 311 1:30 3.831 0.0398 4.1 46,107 47,028 44,080 64,961
6A14-106 1. 2.61 31h e 1:30 3.820 0.0426 3.9 50,095 50,606 49,044 49,544

36A17 21 2.61 31 e 2: .80 0.0459 3.8 49,870 50,127 50,209 50,466

62 ---- 11,83:00 3.817 0.0434 5.2 49,925 53,311 49,210 52,547

Retes:

1. includes only those specimen that wae not ref ired
2. Parts pressed Crom a body calle.1 XAD9975 vhich vwa a mixture 3 parts of the original body ("97A) and 2 parts

of a new body (P$-114-1) from identical powdez but different binder

3. Part pressed from a mixture of 1 part each of Ps-144-1 and PS-176-5, also from identical powder but different binder

4. Part prosed from a mixture of 2 parts XAD997A and 3 part PS-144-1

5. Part pressed from 100v rs-144-1
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APPENDIX

THE STATISTICS OF FRACTURE

The statistics of fracture and the Weibull Distribution
was examined. For this purpose, the Weibull Distribution
function was u 'ed in the following form:

S =exp m dkJ

where

S = survival prbbability
a = tensile stress of arbitrary spatial distribution
CO = constant

m = Weibull Modulus
V = volume subject to tension

The question of probability of fracture within some speci-
fied region of a test specimen relates the relative size of theregion in quecstion to the total specimen volume. For a simple

example, the probability of fracture within a given region of a
specimen subject to uniform tension is found by the ratio of
the given region's volume to that of the whole specimen. This
process may be generalized for any given stress distribution by

finding the size of the specimen having the same probability ofVfracture but subject to uniform tension only. The ratios of
such "equivalent" volumnes represent the relative frequency of
fracture expected to occur in the respective volumes.

Fracture Source Distribution D

; ~Beginning with the Weibull Distribution '

: S = exp

Sthis can be altered by choosing normalized variables describing the

stress distribution and the volume.

a = afT, f( )

dV C VT dt
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where

O = reference stress, usually maximum 
tension

VT = volume in tension
C = constant

= normalized position variable

thus

S = exp fVT f Cf(d)m

This integral is a function of the Weibull Modulus m and the limits

of integration j and &2

f&2Cf( I) d = G(Els 92t m)

so that

S exp VT( G(&I1, mr)1

This equation represents a portion of a specimen wbase overall dis-
tribution integral GT is given by the total limits as G(u, v, M).
Using OT as a convenient reference stress, the volume subject to a
uniform tension OT having the same probability of failure as the
whole specimen is given by

S -exp 'I(T)m GTVT] ex [_(OT VEOT

For a subsidiary portion within the limits (CI, C2) the same process
yields

s = exp VTG (t, t2, M) exp (I vEQ]
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The probability, F , that fracture will initiate in the subsid-
iary volume is simply Uhe ratio of its "equivalent" volume--VQS
to the equivalent volume of the whole specimen V..T or"

ET
VEQs G( 1 , . m)

FS =_ -

V Q, G(u, v, m)

For a rectangular flexural specimen the dimensionless
functions are

a ii aTF, f()

where C is the dimensionless transverse distance from the neutral

plane and the volume under tension is

dV- VT dE

G(E,, 92t M) j2 td

Putting in limits for the whole specimen 0 < < i gives

m

0

and for a subsidiary portion 0 < <
m m+l

Gs = 0 d ) = 1__~m+l

0

Now the probability of fracture initiating between the neutral

axis and the frac,ion & of the beam half-height is

1 m+l m+l

GT  m+l 1
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Fcr a specimen subjected to uniform tension

a = 0T' f() = I

dV = 2VT d

so that

G(&,# in) 'J2 2Cd&

For the whole specimen

G (0, 1, m) = 21 = - 1

and for a subsidiary portion1 GS (0, t, m) 2f t0

and the probability of fracture is given by

G sF= -

GT

which is independent of m.

Comparisons Between Specimens

For a group of specimens with a particular form of stress distri-
bution the Weibull Distribution function reduces to

S exp (T VE

where

S = specimen survival probability
a T  = a convenient reference stress such as the maximwum stressin the specimen
G 0 = constant
VEQT = equivalent volume in tension

m = Weibull modulus
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The differential of S is

d S = e x p ( ~ ) V E Q [ ) m 1 V E Q d a ~

The mean failing, stress Tj is given ,byfsOO i
=1=0 0 T a = T d
T / IS=0

1S=0 dS

ICO T VmEQT da
-O IVEQJ EQmf cv I 0 a0  T

T

Remembering that the Gamma Function is defined as

r (m) e x - dx

'0
and

r(1+1/m) = e-x  xI/m  dx

0 o %m
The mean stress integral is of. this latter form when x =

and therefore

= a (VEQT )- I (1l+/m)

Substitution into the reduced form of the Weibull Distribution function
K Iyields

S = exp[ r ]

where OT
= normalized stress = --

FIT

r r r+i/m)
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The same transformation can also be made in the same way if

sexj (0 ]
where

A is an area integral instead of a volume integral.

If the sample average jT is accepted ( T=r/T) the transformed

form of the distribution shows that there is only one parameter
left to define the distribution, the Weibull Modulus m. Intuitively,
it would be expected that the value of m for a surface effect would
be different from one for a volume effect.

Recall that the reduced form of the Weibull Distribution
function for any particular form of stress is:

S = exp -(YT VEQ

where

S = specimen survival probability
aT = a convenient reference stress such as the maximum

stress in the specimen
a0  = a constant

VEQ equivalent volume in tension
Tm = Weibull modulus

Two different volumes having the same probability of survival are
related as

s ex [(a MI VEQJ 
2.x [~ 2 m' VEQ,]

- o vT
VEQ 0 21
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4

If the forms of the distribution -are the same, then a, (62
and ml m2and 01. 9

VEQ

K 0 T2  KVEQ

Po: nior tnson VEQ VT Thncomparing two differ-
ent volumes in uniform tens iO' gives

a T V T2 1/rn

T2 (VT)

For a rectangular beam in pure bending, V.QT "I M+ Cmprn

a volume in uniform tension and a volume of a rectangular beam in
pure bending gives

T VF
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